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ABSTRACT

INTERACTION OF ARGININE-RICH HISTONE AND DN4

by

Sharon Shang-mei Yu

A d v is e r :  P ro fe s s o r  Hsueh J e i  L i

Thermal d e n a tu ra t io n  and c i r c u l a r  d ich ro ism  w ere used t o  s tu d y  th e
87i n te r a c t io n  o f A rg -r ic h  h is to n e s  (H3 +  H 4), p o ly a rg in in e , po ly (A rg  ,

13Om ) ,  and pro tam ine  w ith  DNA.

87 13Complexes o f  DNAl w ith  p o ly a rg in in e , Poly(A rg ,0 m  ) ,  and

pro tam ine  p rep a red  by d i r e c t  m ixing method showed b ip h a s ic  m e ltin g

w ith  a  m e ltin g  band a t  a  m e ltin g  tem p e ra tu re , T^, co rresp o n d in g  to

f r e e  base  p a i r s  and a n o th e r  m e ltin g  band o r  bands a t  T ' co rrespond ing

to  p ro te in -b o u n d  DNA base  p a i r s .  Protaine-DNA complexes have one T '
87 13m eltin g  band, w h ile  p o ly a rg in in e  and poly(A rg  , Om )-DNA complexes

have two T ' bands (T * and T ' ) .  In  th e  l a t t e r  complexes th em  m, I m, xjl
m eltin g  tem p era tu re s  and th e  r a t i o  o f m e ltin g  a re a s  o f  th e s e  two T '

bands a re  a  fu n c t io n  o f  th e  GC c o n te n t in  th e  DNA u sed . P ro te in -

bound DNA base  p a i r s  a re  a lm ost com p le te ly  s h ie ld e d  e l e c t r o s t a t i c a l l y .

The (i v a lu e s  (amino a c id  re s id u e s  p e r  n u c le o t id e  in  th e  p ro te in -b o u n d

re g io n s )  o b ta in e d  f o r  th e s e  complexes a re  0 .72  f o r  polyarginlne-D N A

87 13com plexes, 1 .05  f o r  poly(A rg ,0 m  )-DNA com plexes, and 1 .33  f o r  

protamlne-DNA com plexes. The CD s p e c t r a  o f  th e s e  complexes show 

reduced  am plitude  and a  r e d - s h i f t  f o r  th e  DNA CD n e a r  275 nm,
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C a lf  thymus h is to n e  H3 monomer, d im er, o ligom ers and duck 

e ry th ro c y te  h is to n e  H3 monomer and dim er were p u r i f ie d  by a  m od ified  

p rocedu re  o f  Sanders and McCarty (1972). A n a ly s is  o f  c a l f  thymus 

h is to n e  H3 monomer CD s p e c t r a  I n d ic a te  t h a t  h is to n e  H3 has more 

secondary  s t r u c tu r e s  in  EDTA b u f fe r  th a n  in  w a te r  o r  a c e t ic  a c id  and 

i s  e s s e n t i a l l y  a  random c o l l  in  u re a . CD s p e c t r a  a ls o  in d ic a te d  t h a t  

h is to n e  H3 dim er h as  more secondary  s t r u c tu r e  th an  monomer i n  w a te r o r 

i n  EDTA b u f f e r .

The method o f  d i r e c t  m ixing y ie ld e s  h is to n e  H3-DNA complexes w ith  

w e ll  d e fin e d  m e ltin g  c u rv e s . F o r c a l f  thymus h is to n e  H3 monomer-DNA 

com plexes, a  T '  m e ltin g  band a t  90° and a  ft v a lu e  o f  6 .7  amino a c id  

r e s id u e s  p e r  n u c le o t id e  w ere o b ta in e d . These complexes show a  re d u c tio n  

in  am plitude  and a  s l i g h t  r e d - s h i f t  i n  th e  DMA CD band n e a r  275 nm and 

a  b ig  n e g a tiv e  CD band n e a r  220 nm c o n tr ib u te d  by th e  bound h is to n e s .  

The change i n  CD am p litude  n e a r  220 nm f o r  c a l f  thymus h is to n e  H3 

monomer from  a  f r e e  s t a t e  i n  EDTA s o lu t io n ,  (EDTA), to  a  bound 

s t a t e ,  i s  sm a ll. S im ila r  th erm al d e n a tu ra t io n  and CD r e s u l t s

w ith  m inor v a r i a t io n s  w ere o b ta in e d  f o r  d i r e c t l y  mixed DNA complexes 

u s in g  c a l f  thymus h is to n e  H4, H3 d im er, o lig o m ers , and duck h is to n e  H3 

monomer and dim er.

G rad ien t d i a l y s i s  w ith  o r  w ith o u t u re a  w ere a ls o  used to  p rep a re  

histone-DNA com plexes. These two methods y ie ld  h is to n e  H3-DNA complexes 

w ith  le s s  d e fin e d  m e ltin g  c u rv e s . The p resen ce  o f b o th  h is to n e  H3 and 

H4 d u rin g  complex fo rm a tio n  w ith  DNA i n  th e s e  two p rocedu res  y ie ld s  

complexes t h a t  a re  c o n s id e ra b ly  more s o lu b le  w ith  b e t t e r  m e ltin g  

c u rv e s . These r e s u l t s  in d ic a te  th e  Im portance o f h is to n e  H3 and H4 

in te r a c t io n  in  com plexing w ith  DNA.
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Complexes DNA. w ith  h is to n e  (H3 + H4) te t r a m e r ,  p rep a red  by th e  

method o f  D'Anna and Ise n b e rg  (1974c)! were a ls o  s tu d ie d . These complexes 

have two m e ltin g  bands a t  65° and 90° co rresp o n d in g  to  h is to n e -b o u n d  

DNA and have a  (3 v a lu e  o f  2 .8  amino a c id  re s id u e s  p e r  n u c le o t id e .  The 

CD s p e c t r a  o f  th e s e  complexes show a  re d u c tio n  in  am plitude  and a  

s l i g h t  r e d - s h i f t  f o r  th e  DNA CD band n e a r  275 nm. These complexes a ls o  

have a  s tro n g  n e g a tiv e  CD band n e a r  220 nm co rrespond ing  t o  th e  bound 

h is to n e s .  These th erm al d e n a tu ra t lo n  and CD r e s u l t s  o f tetramer-DNA 

complexes show a  la rg e  d eg ree  o f  s im i l a r i t y  to  th o se  o f ch rom atin .

H istone  (H3 d im er +  H4) tetramer-DNA complexes have therm al 

d e n a tu ra t lo n  and CD p r o p e r t ie s  s im i la r  to  th o se  o b ta in e d  f o r  h is to n e  

(H3 + H4) tetramer-DNA com plexes. These r e s u l t s  sug g est t h a t  th e  two 

h is to n e  H3 m olecules p o s s ib ly  form  a  p a r a l l e l  dim er w ith  o r  w ith o u t 

d i s u l f id e  bond and th a t  t h i s  d im er i s  a  b a s ic  su b u n it f o r  th e  te tr a m e r , 

which seems to  be a  fundam ental su b u n it in  ch rom atin .
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CHAPTER I

INTRODUCTION

The wonder o f  c e l l  n u c le i  l i e s  In  th e  packaging  o f  and th e  s e le c ­

t i v e  In fo rm a tio n  r e t r i e v a l  from  th e  DNA. m o lecu le s . I n  an In te rp h a se  

n u c le i ,  DM. m olecu les a re  found In  chrom atin  as a  complex m acrom olecular 

a s s o c ia t io n  w ith  p ro te in s  and RNA. P ro te in s  in  ch rom atin  may be d iv id e d  

in to  two g roups, th e  b a s ic  group c a l le d  h is to n e s  and th e  n o n -b as lc  group 

c a l le d  n o n -h is to n e  p r o te in s .  H is to n e s  p la y  a  m ajor r o le  i n  th e  m ain­

ten an ce  o f s t r u c tu r e s  i n  ch rom atin  and p o s s ib ly  in  tem p la te  r e s t r i c t i o n ,  

w h ile  th e  n o n -h is to n e  p ro te in s  a re  im p o rtan t in  genefci© r e g u la t io n  i /

(E lg in  e t  a l . ,  1971). However, th e  p r e c is e  r o le s  o f th e s e  p ro te in s  

a re  s t i l l  n o t c le a r .

There a re  f iv e  m ain ty p es  o f  h is to n e  found i n  e u k a ry o te s . Some 

o f  t h e i r  p h y s ic a l  and chem ical p r o p e r t ie s  a re  summarized in  Table 1 .

The a v ia n , f ro g  and f i s h  e ry th ro c y te s  a ls o  c o n ta in  a  s p e c ia l iz e d  

h is to n e  c a l le d  h is to n e  H5 (V o r  f 2 c ) ,  t h i s  h is to n e  i s  n o t found i n  

most o th e r  c e l l  ty p es  (H n ilic a , 1972). A l l  h is to n e s  have low m olecu lar 

w e ig h ts  (1 1 ,0 0 0 -2 1 ,0 0 0 ). H is to n es  a re  b a s ic  and can  e a s i l y  be e x tr a c te d  

from  chrom atin  by a c id s .  A ll  h is to n e s  s tu d ie d  so  f a r  do n o t c o n ta in

1



TABLE I Properties of Histone Fractions

Nom enclature M olecu lar W eight Number o f
Amino A cid R esidues

N H ^-term inal Lys/Arg C la ss

HI ( I  o r  f l ) 21,000 212-216 A c-Ser 20 L y s - r ic h

H2B (U b 2  o r  f2 b ) 13,774 125 Pro 2 .5 S l ig h t ly
L y s -r ic h

H2A ( I l b l  o r  
f2 a2 )

14,000 131 A c-Ser

• 
•

to 
o

 1 S l ig h t ly
L y s -r ic h

H3 ( I I I  o r  f3 ) 15,324 135 Ala 0 .72 A rg -r ic h

H4 (IV  o r  f 2 a l ) 11,282 102 A c-Ser 0.79 A rg -ric h

( a )  The d a ta  in  t h i s  t a b le  a r e  th o se  o£ c a l f  th y m u s  (DeLange and Sm ithf 1971; H n i l ic a ,
1972). However, o th e r  s p e c ie s  h is to n e s  a re  v e ry  s im i la r .
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try p to p h a n  and c y s te in e  r e s id u e s  ex cep t h is to n e  H3 ( I I I  o r  £3) which 

may c o n ta in  one o r  two c y s te in e  re s id u e  depending on i t s  so u rc e . I t  

i s  no tew orthy  th a t  th re e  o f th e  h is to n e s  c o n ta in  a c e ty l- S e r  a s  t h e i r  

N -te rm in a l re s id u e  (DeLange and Sm ith , 1971). H is to n es  a re  u s u a l ly  

c l a s s i f i e d  by t h e i r  ly s in e  and a rg in in e  c o n te n ts .  H is to n e  H i ( I  o r  f l )  

and h is to n e  H5 (V o r  f2 c )  a r e  r ic h  i n  ly s in e  and a re  c a l le d  th e  v e ry  Lys- 

r i c h  h i s to n e s .  H is to n e s  H2A ( I l b l  o r  f2 a2 ) and H2B (IIb 2  o r  f2 b )  a re  

c l a s s i f i e d  as s l i g h t l y  L y s - r ic h  h i s to n e s ,  w h ile  h is to n e  H3 and H4 a re  

th e  A rg - r ic h  h i s to n e s .  T here a re  app rox im ate ly  e q u a l w e ig h ts  o f h is to n e  

and DNA i n  ch ro m atin . T h is i s  t r u e  from  a  v a r i e ty  o f  t i s s u e s  and sp e c ie s  

(E lg in  and Bonner, 1970). T here  i s  rough ly  an e q u a l m olar amount o f  each  

h is to n e  f r a c t i o n  ex cep t h is to n e  Hi which i s  u s u a lly  on ly  h a l f  as much as 

th e  o th e r s  (Panyim and C h a lk ley , 1969).

The com plete p rim ary  sequences o f th e  f iv e  h is to n e s  have been 

d e te rm in ed . Com parative s tu d ie s  o f h is to n e  sequences from  d i f f e r e n t  

so u rces  have re v e a le d  a  h ig h ly  conserved  n a tu re  o f th e  p rim ary  sequences. 

H istone  H4 i s  by f a r  th e  m ost conserved  h is to n e  in  which o n ly  two o f  th e  

102 amino a c id  r e s id u e s  a re  d i f f e r e n t  when i s o la te d  from  two h ig h ly  

d iv e rg ed  s o u rc e s , t h a t  o f c a l f  thymus and pea  s e e d lin g s  (DeLange e t  a l . , 

1969). The two amino a c id  changes a re  a ls o  o f  h ig h ly  c o n s e rv a tiv e  n a tu re  

i . e . ,  V al i s  changed to  l i e  and Lys t o  A rg. S im ila r  s tu d ie s  w ith  h is to n e  

H3 i s o l a te d  from  pea  and c a l f  thymus in d ic a te d  th a t  th e s e  h is to n e s  w ith  

135 re s id u e s  d i f f e r  from  each  o th e r  o n ly  in  fo u r  p la c e s  (P a tth y  e t  a l . ,

1973). The c a l f  thymus sequence d i f f e r s  from  th o se  o f  s h a rk , c a rp  and 

ch ick en  by on ly  one r e s id u e . S er 96 i s  changed to  Cys in  c a l f  thymus.

The s l i g h t l y  L y s - r ic h  h is to n e s  (H2A and H2B) a re  l e s s  conserved  th a n  th e  

A rg - r ic h  h is to n e s  (H3 and H4) (DeLange and Sm ith , 1971; R a i l  and C ole ,



1971) and th e  L y s - r ic h  h is to n e  H i v a r ie s  to  a  g r e a t  e x te n t  among s p e c ie s .

The h ig h ly  conserved  n a tu re  o f p rim ary  sequences in  A rg - r ic h  h is to n e s  

su g g e s t th e  im portance  o f  t h e i r  e n t i r e  sequences i n  t h e i r  I n te r a c t io n  

w ith in  th e  ch ro m a tin . I t  f u r th e r  su g g e s ts  t h a t  h is to n e  H3 and H4 m ight 

have c lo s e  i n t e r a c t io n  w ith  th e  su g a r-p h o sp h ate  h e l i c a l  backbone o f  DNA 

s in c e  th e  l a t t e r  i s  a ls o  u n a l te re d  i n  th e  e v o lu tio n a ry  changes.

H is to n e s , once sy n th e s iz e d  and in te r a c te d  w ith  DNA in  th e  ch rom atin , 

have v e ry  long  h a l f - l i f e  (Hancock, 1969). T h is  su g g e s ts  th e  im p o rtan t 

and unique n a tu re  o f h is to n e s  i n  th e  m ain tenance o f  ch rom atin  s t r u c tu r e .  

However, e x te n s iv e  s id e  c h a in  m o d if ic a tio n  has been  found i n  h i s to n e s ,  

some o f which a re  s ta b le  w h ile  th e  o th e rs  a re  m e ta b o lic a l ly  u n s ta b le  

and tu rn o v e r  r a p id ly  a c co rd in g  to  c e l l u l a r  changes (DeLange and Sm ith, 

1971). A summary o f h is to n e  m o d if ic a tio n s  i s  shown in  T ab le  I I .  The 

A rg - r ic h  h is to n e s  have a c e ty la te d  and m eth y la ted  Lys r e s id u e s .  The 

a c e ty la t io n  r e a c t io n  seems t o  c o r r e la t e  w ith  c o n tr o l  o f RNA s y n th e s is  

(W ilhelm and M cCarty, 1970), w h ile  m e th y la tio n  r e a c t io n  seems t o  be 

r e l a t e d  w ith  m ito s is  (T idw ell e t  a l . , 1968).

As m entioned p re v io u s ly , h is to n e  H3 i s  th e  on ly  c y s te in e  c o n ta in in g
fb?.

h is to n e .  H igher an im als c o n ta in e d  two c y s te in e s  w h ile  th e  o th e rs  c o n ta in
/

on ly  one (Panyim e t  a l . , 1971). Because o f  th e  p re sen ce  o f c y s te in e
'/ (.qr-C- :

r e s id u e s ,  o x id a t io n  o f  two -SH groups i n to  a  d i s u l f id e  can form  dimeric^ 

and in  th e  c a se  o f  h ig h e r  a n im a ls , po lym eric  form s o f  h is to n e  H3. S e v e ra l 

l a b o r a to r ie s  (C ross and Ord, 1970; Sadgopal and B onner, 1970) have re p o r te d  

t h a t  th e  r a t i o  -SH /[(-SH ) +  ( -S - S - ) ]  i s  h ig h  in  in te rp h a s e  chromosomal 

p r o te in s  w ith  h ig h  t r a n s c r i p t i o n a l  a c t i v i t i e s ,  and th a t  t h e i r  r a t i o  i s  

low d u rin g  m etaphase , when ch rom atin  i s  in  an ag g reg a ted  form  and t h e i r  

t r a n s c r i p t i o n a l  a c t i v i t i e s  a re  low. S ince  ch rom atin  ap p ears  t o  be more
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TABLE II

Side Chain M o d if ica tio n  o f  H istone  F ra c tio n s

M o d if ic a tio n s H istone  f r a c t io n s  
m odified

M etabolic
s t a b i l i t y

R eference

A c e ty l-S e r
(N -te rm in a l)

H I, H2A, H4 S ta b le (a )

£  -N -ace ty l-L y s H3, H4 (H2A, H2B) T urn-over (b )

6 -N -raethyl-Lys H3, H4 Slow tu rn -o v e r ( c )

O -phospho-Ser HI (H2A, H2B, H3, 
H4)

T urn-over (d )

O-phospho-Thr HI - (d )

U) -m ethyl-A rg (g ) (g ) ( e )

ADP-Ribosyl- (g ) (g ) ( f )

( a )  DeLange and Sm ith , 1971
( b )  W ilhelm and M cCarty, 1970
( c )  Paik  and Kim, 1967
(d )  S tev e ly  and S tocken , 1966
( e )  Paik  and Kim, 196?
( f )  N ish izuka e t  a l . » 1968
(g )  Unknown
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condensed in  m etaphase th a n  in  in te r p h a s e ,  i t  i s  c o n ce iv ab le  t h a t  f o r ­

m ation  o f  in te rm o le c u la r  d i s u l f id e  lin k a g e  betw een h is to n e  H3 can  b r in g  

d i f f e r e n t  p a r t s  o f  ch rom atin  c lo s e ly  to g e th e r  and cou ld  be an im p o rtan t 

s t r u c t u r a l  e lem ent in  condensed ch rom atin .

Com parative s tu d ie s  o f  h is to n e  f r a c t io n s  from  d i f f e r e n t  so u rces  

have p o in te d  o u t th e  c o n se rv a tio n  o f t h e i r  p rim ary  sequences . The 

p rim ary  sequences o f d i f f e r e n t  h is to n e  f r a c t io n s  from  th e  same so u rc e , 

c a l f  thymus f o r  in s ta n c e ,  a ls o  show some s t r i k in g  s im i l a r i t y  in  re s id u e  

d i s t r i b u t io n .  D is t r ib u t io n  o f b a s ic  re s id u e s  a long  h is to n e  m olecu les 

a re  found t o  be u n iv e r s a l ly  uneven th a t  one h a l f  o f each h is to n e  m olecule 

c o n ta in s  more b a s ic  re s id u e s  (N -te rm in a l h a l f  in  h is to n e  H2A, H2B, H3 

and H4 and C -te rm in a l h a l f  i n  h is to n e  H i) and th e  o th e r  h a l f  more hy ­

d rophobic  re s id u e s  (LeLange e t  a l . , 1973).

The e x is te n c e  o f a  more b a s ic  and a  l e s s  b a s ic  h a l f  in  a  h is to n e  

m olecule has le d  to  th e  p ro p o sa l t h a t  th e  two ends o f h is to n e  m olecules 

e l e c t r o s t a t i c a l l y  s t a b i l i z e d  DNA. d i f f e r e n t l y .  The DNA. re g io n s  s t a b i l i z e d  

by th e  more b a s ic  h a l f  m elt a t  a  h ig h e r  tem p e ra tu re  th an  th o se  s t a b i l i z e d  

by th e  le s s  b a s ic  h a l f  (L i and Bonner, 1971). T h is p ro p o sa l was f u r th e r  

su p p o rted  by th e  u se  o f two h a lv e s  o f h is to n e  H2B m o lecu le s . H2B was 

c leav ed  by CNBr a t  th e  Met re s id u e s  (59 and 6 2 ) , which a re  lo c a te d  in  

th e  m idd le  o f th e  m o lecu le . DNA complexed w ith  th e  N -te rm in a l fragm ent 

m elts  a t  a  tem p e ra tu re  o f 70°C w h ile  t h a t  w ith  th e  C -te rm in a l fragm ent 

m elts  a t  57°C. T h is model can  a ls o  e x p la in  th e  two m e ltin g  bands (81°C 

and 66°C) in  n a t iv e  ch rom atin .

C u rre n tly  a  su b u n it model o f ch rom atin  h as  become v e ry  p o p u la r 

(Kornberg and Thomas, 1974; Van Holde e t  a l . .  1974; Baldwin e t  a l . , 1975; 

O lin s  and O lin s , 1974; L i ,  1975). The p ro p o sa ls  su g g ested  t h a t  ch rom atin
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c o n s is t s  o f  a  l in e a r  a r r a y  o f  n e a r ly  I d e n t i c a l  s u b u n its .  The p ro p o sa l 

d e r iv e s  from  th e  f in d in g s  o f n u c le a se s  r e s i s t a n t  f r a c t io n s  o f  ch rom atin , 

abou t 50% In  c a l f  thym us, c o n ta in in g  p a r t i c l e s  w ith  about 200 b a s e -p a ir s  

o f double s tra n d e d  DNA. and th e  norm al complement o f h is to n e s  (minus H i) 

(Van Holde e t  a l . , 1974). E le c tro n  m icro scop ic  s tu d ie s  o f sw o llen , 

b u r s t  n u c le i  a ls o  show chrom atin  w ith  a  " s t r in g  o f  beads" s t r u c tu r e  

(O lin s  and O lin s , 1974).

R ecen tly  r e s u l t s  from  h is to n e -h is to n e  i n te r a c t io n  f u r th e r  suppo rted  

t h i s  su b u n it model o f ch ro m atin . I t  was found t h a t  s p e c i f ic  h is to n e  

f r a c t io n s  form s to ic h io m e tr ic  s o lu b le  complexes w ith  h ig h  a f f i n i t y  

(D’Anna and I se n b e rg , 1974b). The a r g in in e - r i c h  h i s to n e s ,  H3 and H4, 

have been found t o  form  a  v e ry  t i g h t  te t r a m e r ic  s t r u c tu r e  [2 (H3) +  2 

(H4)] (D’Anna and Ise n b e rg , 1974c). Chemical c r o s s - l in k in g  s tu d y  on 

ch rom atin  a ls o  re v e a le d  a  c lo s e  in te r a c t io n  o f th e  two h is to n e s  (Hyde 

and W alker, 1975). E x tra c tio n  o f h is to n e s  from  ch rom atin  by non-de- 

n a tu r a t in g  c o n d it io n  r e s u l t s  i n  a  sim u ltaneous rem oval o f h is to n e s  H3 

and H4 as  a  te t r a m e r ic  complex (Kornberg and Thomas, 1974; Roak e t  a l . .

1974). O ther h is to n e -h is to n e  in te r a c t io n s  have a ls o  been shown to

e x i s t  betw een H2A and H2B (D’Anna and Ise n b e rg , 1974b; K e lly , 1973;
■ yt Li

Kornberg and Thomas, 1974; Hyde and W alker, 1975) and betw een H2A-(or 

-H2B) and H4 (D’Anna and Ise n b e rg , 1974b; M artinson  and McCarthy, 1975). 

H is to n e  HI was found n o t to  be in v o lv ed  in  any complex fo rm a tio n  w ith  

o th e r  h is to n e s .  A summary o f  complex fo rm a tio n  among h is to n e s  i s  shown 

i n  T able  I I I .  S ince  a l l  h is to n e s  (excep t H i) c o n ta in  a  b a s ic  N -te rm in a l 

and a  hydrophobic C -te rm in a l p o r t io n ,  h is to n e -h is to n e  in te r a c t io n  i s  

p ro bab ly  s t a b i l i z e d  th rough  hydrophobic in te r a c t io n  betw een h is to n e s  

a t  t h e i r  C -te rm in a l re g io n s .



TABLE I I I  

Complex Form ation Among H is to n es

8

H istone
com plexes

Number o f 
su b u n it K o r  F a Method o f  

id e n t i f i c a t i o n
R eferences

H3 +  H4 te tra m e r K =
a 21 -1 0.7x10 M 1

Complex fo rm ation  
in  phosphate 
b u f f e r ,  M.W. 
d e te rm in a tio n

D'Anna, J r . ,  
and 

Isen b e rg  
(1974 c)

/

te tra m e r m Chemical
c r o s s - l in k in g

Kornberg
and

Thomas
(1974)

Dimer and 
te tra m e r

dim er to  
polymer

F =  -3 .6  
-Kca1/mole M.W. de te rm ina­

t io n  
Chemical c ro s s -  

l in k in g  on 
ch rom atin

Roaks e t  a l .
(1974)

Hyde and 
W alker

(1975)

H2A +  H2B dim er to  
polymer

dim er

dim er

dim er to  
polymer

K =  ,  n 
3 106 M

Chemical
c ro s s - l in k in g

Complex fo rm ation  
M.W. d e te rm in a tio n

F luo rescence  and 
CD

Chemical 
c r o s s - l in k in g  on 
chrom atin

K ornberg and 
Thomas

(1974) 
K e lly  (1973)

D'Anna, J r . ,  
and 

Isen b e rg  
(1974 b )  

Hyde and 
W alker

(1975)

H2B +  H4 dim er

dimer

K =  106 H-1a
F luo rescence  

and CD

Chemical 
c ro s s - l in k in g  on 
ch rom atin

D'Anna, J r . ,  
and 

Isen b e rg  
(1974 b? 

M artinson  
and 

McCarthy 
(1975)
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A dynamic e q u il ib r iu m  model o f  ch rom atin  h as  r e c e n t ly  been  proposed 

by Dr. H .J . L i (1975). The model su g g e s ts  t h a t  th e  observed  chrom atin  

s t r u c tu r e s  a re  a f f e c te d  by e x te r n a l  f a c to r s  such  a s  io n ic  s t r e n g th ,  

ty p e  o f io n s ,  pH e t c .  and can  e x i s t  a s  e i t h e r  a  " s t r in g  o f  beads"  o r  a  

s u p e r  c o i le d  s t r u c tu r e s .

I n  view  o f  th e  im portance  o f histone-DNA and h is to n e -h is to n e  i n t e r ­

a c t io n s ,  d e ta i le d  s tu d ie s  on in te r a c t io n  o f  DNA w ith  h is to n e  H3 monomer, 

d im er and o ligom er and w ith  h is to n e  (H3 +  H4) te tr a m e r  have been s tu d ie d , 

u s in g  th e  m ethods o f th erm al d e n a tu ra t lo n  and c i r c u l a r  d ich ro ism . In  

a d d i t io n ,  s in c e  h is to n e  H3 and H4 a re  a r g in in e - r i c h  h i s to n e s ,  i n  th e  

co u rse  o f t h i s  t h e s i s  r e s e a rc h , i n te r a c t io n  betw een DNA and p o ly a rg in in e , 

and betw een DNA and p ro tam in e , c o n ta in in g  67 mole p e rc e n ts  o f a rg in in e ,  

h as  a ls o  been e x te n s iv e ly  in v e s t ig a te d .



CHAPTER II

MATERIALS AMD METHODS

MATERIALS

C a lf  thymus DNA was pu rchased  from  Sigma Chem ical Co. Protam ine

was pu rchased  from  Sigma Chem ical Co. and was d is s o lv e d  and d ia ly z e d  

-4a g a in s t  2 .5x10 M EDTA, pH 8.0. The c o n c e n tra t io n  o f  p ro tam ine  s to c k

s o lu t io n  i n  EDTA was determ ined  e i t h e r  by th e  M ic ro -B iu re t Method

( I tz h a k i  and G i l l ,  1964) u s in g  h is to n e  a s  th e  s ta n d a rd , o r  by th e  n in -

h y d rin  method (S p ie s , 1957) u s in g  a rg in in e  c h lo r id e  as  th e  s ta n d a rd .

Poly  (L -a rg in in e )  s u l f a t e  (mol wt 14 ,000) was pu rchased  from  M iles

L a b o ra to r ie s . The p u r i ty  was confirm ed by amino a c id  a n a ly s is  as

99% i n  a r g in in e .  Poly  (L -a rg in in e )  h y d ro c h lo r id e  (mol wt 65 ,000)

was purchased  from  Sigma Chemical Co. Amino a c id  a n a ly s is  showed

th a t  t h i s  sample happened t o  c o n ta in  137. o r n i th in e .  T h is  sample was

used as poly (Arg , Orn ) .  S tock  solutions o f polyarginine and 
87 13p o ly  (Arg , Orn ) w ere made i n  and d ia ly z e d  a g a in s t  EDTA b u f fe r  

b e fo re  u s e . T h e ir  c o n c e n tra tio n s  were determ ined  b o th  by n in h y d rin  

method u s in g  a rg in in e  a s  th e  s ta n d a rd  (S p ie s , 1957) and amino a c id  

a n a ly s i s ,  u s in g  m od ified  autom ated amino a c id  a n a ly z e r  (L iao  e t  a l . ,  1973).

10
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I s o l a t i o n  and p u r i f i c a t i o n  o f  h is to n e  H3 from  c a l f  thymus and duck 

e ry t r o c y te s  w i l l  be r e p o r te d  i n  c h a p te r  IV . Crude h is to n e  

H3 f r a c t i o n  from  duck e ry th ro c y te s  was a  g i f t  o f  D r. Lee Sanders and 

p u r i f ie d  h is to n e  H4 from  c a l f  thymus was a  g i f t  o f  Dr. T.Y . S h ih .

PURIFICATION OF DNA

100 mg o f  c a l f  thymus DNA w ere d is s o lv e d  i n  SO ml o f  0 .05  M T r i s -

HCl, pH 8 .0 ,  0 .0 5  M NaCl, 1 mM EDTA o v e rn ig h t w ith  a  slow  s t i r r i n g

a t  4°C . An e q u a l volume o f  b u f f e r  s a tu ra te d -p h e n o l  was th e n  added and

s t i r r e d  w ith  th e  DNA s o lu t io n  f o r  5 m in u te s . Aqueous and phenol

phases w ere th e n  se p a ra te d  by a  12,000 x  g c e n t r i f u g a t io n  f o r  10

m in u te s . The aqueous phase  was removed, and e x tr a c te d  a g a in  w ith  an

e q u a l volume o f  b u f f e r - s a tu r a te d  p h en o l. T h is  s te p  was re p e a te d

u n t i l  no d e te c ta b le  d e n a tu red  p r o te in s  w ere found a t  th e  w a te r-p h e n o l

In te rp h a s e .  Phenol was th e n  removed from  th e  DNA s o lu t io n  by

e x te n s iv e  d i a l y s i s  a g a in s t  N aC l-T ris b u f f e r .  DNA s o lu t io n s  were
-4f u r th e r  d ia ly z e d  a g a in s t  2 .5x10  M EDTA b e fo re  u s e . The m olar

-1 -1e x t in c t io n  c o e f f i c i e n t  o f  6500 M cm a t  260 nm was used  f o r  DNA, 

DNA-polypeptlde and DNA-histone complexes where M i s  m o le / l i t e r  o f  

n u c le o t id e .

PREPARATION OF POLY-L-ARGININE-CHLORIDE

P o ly -A rg -s u lfa te  was c o n v e rted  in to  th e  c h lo r id e  form  to  re n d e r  

i t  w a te r  s o lu b le .  C o n cen tra ted  HCl was added t o  a  su sp en sio n  o f  

p o ly -A rg -s u lfa te  i n  w a te r  u n t i l  pH 3 .4 5 . The m ix tu re  was th e n  h e a te d  

t o  60°C in  a  w a te r  b a th  t o  d is s o lv e  th e  com plex. SO^" io n  w ere th e n



removed by th e  a d d it io n  o f  BaCOH^. The m ix tu re  was c h i l l e d  in
<5*-

i c e  and c e n tr ifu g e d  t o  removed BaSO^. The c le a r  s u p e rn a ta n t was 

th e n  d ia ly z e d  e x te n s iv e ly  a g a in s t  2 .5  x  10"^M EDTA, pH8.0.

POLYACRYLAMIDE GEL ELECTROPHORESIS OP HISTONES

High r e s o lu t io n  d i s c  g e l  e le c t r o p h o r e s is  o f  h is to n e s  was 

perform ed a s  d e sc r ib e d  by Panyim e t  a l . ,  (1969a). Po lyacry lam ide  

g e ls  w ere p rep a re d  by  m ixing th e  fo llo w in g  s o lu t io n :  one p a r t  o f 

43.2% a c e t i c  a c id  (HOAc), 4% N, N, Nj Ny- te tra m e th y le th y le n e -d la m in e  

two p a r t s  o f  60% ac ry lam id e , 0.4% b ls -a c ry la m id e  and f iv e  p a r t s  o f 

0.2% ammonium p e r s u l f a te  i n  10 M u re a .  A l l  s o lu t io n s  w ere d e a e ra te d  

b e fo re  p o ly m e riz a tio n . S e v e ra l 0 .6  x  10 cm g e ls  w ere polym erized  

f o r  a t  l e a s t  60 m inu tes b e fo re  u s e . G els w ere p re e le c tro p h o re iz e d  

i n  0 .9  N HOAc f o r  one t o  two h o u rs  a t  a  c o n s ta n t c u r r e n t  o f  2 m a/tube 

u n t i l  th e  v o l ta g e  rea c h e s  120V. A f te r  p r e e le c t ro p h o r e s is ,  th e  HOAc 

t r a y  b u f f e r s  w ere changed b e fo re  sample a p p l ic a t io n .  Samples con­

t a in in g  10-20 (jg o f  pu re  h is to n e  f r a c t io n s  o r  30-50 ^ g  o f c rude  

h i s to n e s  w ere u s u a l ly  a p p lie d  i n  20-30 p.1 o f  6M u r e a ,  0.9N HOAc 

b u f f e r .  Pyronine-Y  was used  a s  a  t ra c k in g  dye. The g e ls  were 

e lec tro p h o ^L zed  a t  room tem p e ra tu re  f o r  2-3  hou rs  a t  2 m a/tube and 

s ta in e d  f o r  a t ' l e a s t  one ho u r i n  0.1% amido b la c k , 20% e th a n o l ,  7% 

HOAc. D e s ta ln ln g  was done by shak ing  th e  s ta in e d  g e ls  a t  30°C in  

20% e th a n o l ,  7% HOAc u n t i l  th e  g e ls  w ere c l e a r .  Gels w ere scanned by 

a  G ilfo rd  L in e a r  T ra n sp o rt d e v ic e s  a t  600 nm.

PREPARATION OF PROTEIN-DNA AND POLYPEPTIDE-DNA COMPLEXES

A. D ire c t  m ixing method
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-4To a  DNA s o lu t io n  w ith  a  c o n c e n tra t io n  o f  1 sc 10 M i n  n u c le o tid e
_3

was added dropw lse a  p o ly p ep tid e  o r  p r o te in  s o lu t io n  o f  10 M i n  amino 

a c id  r e s id u e s .  The DNA s o lu t io n  was c o n s ta n t ly  s t i r r e d  w h ile  p o ly ­

p e p tid e  o r  p r o te in  s o lu t io n  was added. Both th e  DNA and th e  p o ly -

-4p e p tid e  o r  p r o te in  s o lu t io n s  were p rep a re d  i n  2 .5  sc 10 M EDTA, pH 8 .0 .

The com plexes w ere l e t  s ta n d  f o r  a t  l e a s t  one h o u r  b e fo re  measurements

w ere made.

B. R e c o n s ti tu t io n  methods

(1 ) NaCl g ra d ie n t  d i a l y s i s  in  th e  p rese n c e  o f  u re a  

R e c o n s ti tu t io n  o f  h is to n e s  t o  DNA was made by a  con tinuous NaCl

g ra d ie n t  (2 .0  to  0.1M) d i a l y s i s  i n  th e  p resen ce  o f  5M u re a -0 .0 1  M T r is

(pH 8 .0 )  f o r  two days. U rea was th e n  c o n tin u o u s ly  d ia ly z e d  o u t in  th e

p rese n c e  o f  0 .015  M N aC l-0.01 M T r is  (pH 8 .0 ) .  The complexes were

-4f i n a l l y  d ia ly z e d  a g a in s t  2 .5  x  10 M EDTA (pH 8 .0 )  f o r  m easurem ents.

(2 ) NaCl g ra d ie n t  d i a l y s i s  i n  th e  absence o f  u r e a

R e c o n s ti tu t io n  o f  h is to n e s  t o  DNA was done by a  c o n tin u o u s ly

d e c re a s in g  g ra d ie n t  o f NaCl (2 .0-0 .1M ) i n  0.01M T r is  (pH8.0) f o r  two
-4d a y s . The com plexes w ere th e n  e x te n s iv e ly  d ia ly z e d  a g a in s t  2 .5x10 M 

EDTA (pH 8 .0 ) .

THERMAL DENATURATION STUDY

A. Therm al d e n a tu ra t io n  measurem ents

Thermal d e n a tu ra t io n  o f  p o ly p e p tid e -  and protein-DNA complexes were 

perform ed a t  260 nm u s in g  a  G ilfo rd  S pectropho tom eter model 2400-S a t  

a  c o n s ta n t h e a tin g  r a t e  o f  c a . 2 /3 °  p e r  m inu te . The In c re a se d  

h y p e rc h ro m id ty  a t  tem p era tu re  T , h2gQ (T ), r e f e r r e d  t o  A26q a t  25° 

was rec o rd e d  d eg ree  by d eg re e .
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B. A n a ly s is  o f  th e rm al d e n a tu ra t io n  d a ta :

(1 ) The d e r iv a t iv e s  o f  a  m e ltin g  p r o f i l e  w ere c a lc u la te d  acco rd in g  

t o  th e  e q u a tio n  o f  L i and Bonner (1971)

where (T) i s  th e  h y p erch ro m ic ity  a t  260 nm and tem p e ra tu re  T.

(2 ) C a lc u la tio n  o f  f3 v a lu e , th e  average  number o f amino a c id s  

p e r  n u c le o t id e  i n  a  complex:

(a )  I f  th e  h y p e rc h ro m ic ltie s  o f  DNA base  p a i r s  in  a  complex 

a re  independen t o f  p r o te in  o r  p o ly p e p tid e  b in d in g , th e n  th e  fo llo w in g  

e q u a tio n  can  be used  (L i, 1973)

th e  a re a  under m e ltin g  band k  o f  p ro te in -b o u n d  b a se  p a i r s ,  and A^ th e  

t o t a l  m e ltin g  a re a  which i s  e q u a l to  hmOT., From e q u a tio n  ( 1 ) ,  we can  

g e t  (3^, th e  average  number o f  amino a c id  re s id u e s  p e r  n u c le o tid e  i n  

th o se  DNA reg io n s  bound by p r o te in  k .

(b ) I f  th e  h y p erch ro m ic ity  o f  p ro te in -b o u n d  reg io n s  i s  d i f f e r e n t

from  t h a t  o f p r o te in - f r e e  re g io n s , Eq. (1 ) has to  be m o d ified . In  o rd e r  

t o  an a ly ze  th e  r e s u l t s  f o r  th e s e  k in d s  o f  com plexes, th e  fo llo w in g  

eq u a tio n s  can  be used  (L i e t  a l . ,1 9 7 3 ). L et h ^ , h f , and A^ b e , 

r e s p e c t iv e ly ,  th e  h y p e rc h ro m ic ltie s  (h ) and th e  a re a s  o f m e ltin g  bands 

(A) o f  base  p a i r s  bound by (h^ and A^) and f r e e  o f  (h^ and A^) p r o te in .  

I f  Aj, i s  th e  t o t a l  m e ltin g  a re a

**260
dT 2

(1)

where i s  th e  t o t a l  amino a c id s o f p r o te in  k  p e r  n u c le o t id e ,  A^ i s

Aj, -  Ab +  Af (2)
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I f  F i s  th e  f r a c t i o n  o f  b ase  p a i r s  t i g h t l y  bound by p r o te in  which 

m elt a t  tem p e ra tu re  co rre sp o n d in g  t o  m e ltin g  o f  A^, (1 -F ) w i l l  be 

th e  f r a c t i o n  o f  base  p a i r s  f r e e  o f  p r o te in .  We th e n  o b ta in

^  -  h ,F  (3 )

Af  -  h f  (1 -F ) (4 )

B efo re  th e  b in d in g  i s  s a tu r a te d ,  th e r e  i s  a  l in e a r  r e l a t i o n  betw een

r ,  th e  in p u t r a t i o  o f  amino a c id  r e s id u e s  p e r  n u c le o t id e ,  and F .

r  “  (3F (5 )

where f3 i s  th e  average  number o f  amino a c id  p e r  n u c le o t id e  i n  bound 

re g io n s .  From E qs. (3 ) and (5 )

<6>

From E qs. (4 ) and (5)

r  -  f3(l-j!f_> (7)
h f

A
The l i n e a r  p lo t  o f  r  a g a in s t  (1 -  f  ) g iv es  {3 from  w hich we can

h f

d e te rm in e  h^ from  Eq. ( 6 ) .  S ince  r ,  h ^ , A^ and A^ can  be  determ ined

e x p e r im e n ta lly , th e  p a ram ete rs  3 and can  be determ ined  from  Eqs. (6 )

and (7 ) .

CIRCULAR DICHRPISM STUDY

A. M easurements o f  CD s p e c t r a

The CD s p e c t r a  w ere ta k e n  on a  D urrum -Jasco S p e c tro p o la r im e te r  

model J -2 0  a t  room te m p e ra tu re . The r e s u l t s  a re  re p o r te d  as  A«m ■

Ct * Co» where eT and eD a r e » r e s p e c t iv e ly ,  m olar e x t in c t io n  co -
L i R li K



16

e f f i c i e n t s  f o r  th e  l e f t - a n d  th e  r ig h t-h a n d e d  c i r c u l a r l y  p o la r iz e d  l i g h t .  

The u n i t s  o f  Aem a r e  iT^cm"* i n  te r n s  o f  n u c le o t id e .

B. A n a ly s is  o f CD s p e c t r a

A ccording t o  Eq. ( 5 ) ,  th e  f r a c t i o n  o f  b a se  p a i r s  bound by p r o te in  

i n  each  com plex, F ,  can  be  determ ined  from  th e rm a l d e n a tu ra t io n  d a ta .

I f  i t  i s  assumed t h a t  th e  CD o f  a  complex can be decomposed in to  two 

com ponents(Chang, e t  a l . ,  1973), A*f ° f  f r e e  b a se  p a i r s  i n  B-form  

con fo rm ation  and Aeb o f bound b a se  p a i r s  whose confo rm ation  i s  t o  be 

d e te rm in ed , th e  fo llo w in g  e q u a tio n s  can  be w r i t t e n

Aem -  (1 -F ) Ac® + f  Ae® (8 )

Aem -  AGj  ■ F (Ag£ -  At®) (9 )

Eq. (9 ) d e s c r ib e s  th e  f a c t  t h a t  th e  d if f e re n c e  CD spectrum  i s  p ro p o r­

t i o n a l  t o  F w h ic h ,in  t u r n , i s  p r o p o r t io n a l  t o  r ,  th e  in p u t r a t i o  o f  p r o te in
D

to  DNA. From E qs. (8 ) and (9 ) we can  g e t  CD o f  bound b a se  p a i r s  Aeb *



CHAPTER III

STUDIES ON POLY (L-ARGININE)-, POLY(L-ARGININE87,

L-ORNITHINE13) -  AND PROTAMINE-DNA COMPLEXES

I t  was a n t ic ip a te d  t h a t  one o f  th e  m ajor i n te r a c t io n s  betw een 

a r g in in e - r ic h  h is to n e s  and DNA w i l l  be th o se  o f ch a rg e -ch a rg e  i n t e r ­

a c tio n s  betw een th e  a rg in in e  re s id u e s  and th e  o th e r  b a s ic  re s id u e s  

in  h is to n e s  w ith  th e  phosphate  groups i n  DNA. As a  model f o r  l a t e r  

s tu d ie s  on th e  a r g in in e - r i c h  histone-DNA com plexes, p o ly a rg in in e ,

which i s  a  s y n th e t ic  polym er c o n ta in in g  o n ly  a rg in in e  r e s id u e s ,  and 

87 13po ly  (Arg , Om ) ,  a  random copolym er w ith  87% o f  a rg in in e  and 13% 

o f  o r n i th in e  w ere u se d . I n  th e s e  s tu d i e s ,  p ro tam in e , a  DNA-bound 

p r o te in  found i n  sperm  n u c le i  c o n ta in in g  67% o f  i t s  amino a c id  re s id u e s  

as a rg in in e  was a ls o  u se d . A ll  th e  p o ly p e p tid e -  and protein-DNA com­

p lex e s  s tu d ie d  h e re  w ere p rep a re d  by th e  slow  and d i r e c t  m ixing m ethod.

RESULTS
87 13A. T i t r a t i o n  o f  P o ly a rg in ln e . Po ly  (Arg . Om ) and P ro tam ine w ith  

DNA

G e n e ra lly , when th e  n e g a tiv e  ch a rg es  o f th e  DNA phosphates a re  

n e u tr a l iz e d  w ith  th e  b a s ic  amino a c id  r e s id u e s  o f  p o ly p e p tid e s , o r  

p r o te in ,  p r e c i p i t a t i o n  o f  th e  DNA-polypeptide o r  DNA-protein complexes 

occur;w hen c e r t a i n  in p u t r a t i o s  o f  p r o te in  to  DNA a re  rea c h e d . T h is

17



id

i s  t r u e  when p o ly ly s in e  i s  used  t o  t i t r a t e  DNA (ClarK and F e ls e n fe ld ,

1971). P r e c ip i ta t i o n  o ccu rs  a t  an e q u a l m olar r a t i o  o f  ly s in e  t o

p h o sp h a te . T h is i s  a ls o  t r u e  f o r  th e  t i t r a t i o n  o f DM w ith  po ly  

87 13(Arg ,  Om ) o r  p ro tam in e . F ig u re s  1 and 2 show t i t r a t i o n  cu rv es

87 13 ^o f DNA by po ly  (Arg , O n  ) ,  p o ly a rg in in e  p i  p ro tam in e . At low

in p u t r a t i o s  o f  amino a c id  p e r  n u c le o t id e  ( r )  a l l  th e  complexes a re  

s o lu b le  and rem ain  i n  th e  s u p e rn a ta n t .  P r e c ip i t a t i o n  occurs in  a  

narrow  range o f  r  and in d ic a te s  t h a t  th e  b in d in g  o f  th e  b a s ic  p o ly ­

p e p tid e s  and p ro tam ine  on DNA m olecu le  i s  n o t c o o p e ra tiv e . The mid­

p o in ts  o f th e  p r e c i p i t a t i o n  cu rv es  a r e ,  r e s p e c t iv e ly ,  0 .98  and 1 .03

87 13b a s ic  amino a c id  r e s id u e  p e r  n u c le o t id e  f o r  p o ly  (Arg , Om ) and

p ro tam in e . However, cha rge  n e u t r a l i z a t i o n  may n o t be th e  only  con­

t r o l l i n g  f a c to r  i n  th e  p r e c ip i t a t i o n  o f polyarginine-D N A  com plexes.

The m idpo in t o f  polyarginine-D N A  t i t r a t i o n  cu rve  i s  0 .8  a t  which 

p o in t ch arg es  on DNA phosphates a re  n o t f u l l y  n e u t r a l i z e d .  As shown 

in  F ig u re s  1 and 2 p r e c i p i t a t i o n  cu rves  o f th e  complexes depend n o t 

on ly  on th e  n a tu re  o f  p o ly p e p tid e  used  b u t a ls o  on th e  ty p e s  o f DNA 

used  as  w e l l .

B. Therm al D e n a tu ra tio n  S tudy

(1 ) D e r iv a t iv e  m e ltin g  p r o f i le s

F ig u re s  3 , 4  and 5 s h o w ,re sp e c tiv e ly , d e r iv a t iv e  m e ltin g  cu rv es
87 13of polyarginine-D N A , po ly  (Arg , Om )-DNA and protamine-DNA com plexes. 

The m e ltin g  cu rves  showed ty p ic a l  b ip h a s ic  m e ltin g  p r o f i l e  w ith  a  T^ 

co rresp o n d in g  to  th e  m e ltin g  o f f r e e  DNA reg io n s  and a  co rresp o n d in g  

to  t h a t  o f  bound DNA re g io n s .  As e x p e c te d , when more p o ly p e p tid e  o r 

p r o te in  i s  bound to  DNA, th e  m e ltin g  band o f  f r e e  DNA reg io n s  a t
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F ig . 1 . T i t r a t i o n  c u rv e sg ^ f  D N A ^ith  v a r ie d  GC c o n te n ts  by p o ly a rg in in e  
and copo ly  ( a r g )  (o rn )  • T i t r a t e d  by p o ly a rg in in e  i s  DNA 
from  C l.  p e r f r in g e n s  ( o - —o ) ,  c a l f  thymus (■ -— ■)» E . c o l i  j -  
( a — - a )  and M. lu te u s  ( • - - • ) .  T i t r a t e d  by copo ly  ( a r g ) ^ ( o m )  
i s  DNA from c a l f  thymus (▼---▼)•



°/o 
DN

A 
in 

su
p

er
n

at
an

t
20

0.6 \1.8 2.40 • 1.2
am ino  ac id  
n u c l e o t i d e

Fig* 2* T i t r a t i o n  cu rve  o f  DNA by p ro ta m in e . The In p u t r a t i o  o f  
p ro tam ine  to  DNA i s  re p o r te d  a s  amino a c id  p e r  n u c le o tid e *
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Fig* 3 . D e r iv a t iv e  m e ltin g  p r o f i l e s  o f  p o ly a r g in in e -c a l f  thymus
DNA com plexes* The in p u t  r a t i o  o f  amino a c id  r e s id u e  p e r
n u c le o t id e  ( r )  =  0 ( ------ ) ,  0 .3 0  ( —  • — ) ,  0 .4 5  (•--* •)  and
0 .6 0  ( — A — ) .
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87 13F ig .  4* D e r iv a t iv e  m e ltin g  p r o f i l e s  o f  copo ly  ( a r g )  ( o r a )  - c a l f
thymus DNA com plexes. r  — 0 ( --------) ,  0 .4 0  ( — •— ■),
0 .6 0  (* * * •)  and 0 .8 0  ( — A — ) .
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Fig* 5* D e r iv a t iv e  m e ltin g  p r o f i l e s  o f  protamine-DNA complexes* 
r  =  0 ( --------) ,  0 .3  0 .9  and 1 .2  ( ------- ) .
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(abou t 50°) i s  d e c re a sed  w h ile  t h a t  o f bound re g io n s  a t  [ab o u t 91°

f o r  p ro tam ine ; T; _ abou t 91°, T ' tt abou t 100° f o r  p o ly a rg in in e  and m ,i m , l l

T ' _ about 9 4 ° , T7 __ about 102° f o r  p o ly  (Arg®^, Ora*’* )] i s  in c re a s e d .m ,l  m ,n
T h is  phenomenon i s  t r u e  f o r  e v e ry  b a s ic  polypeptide-DNA complexes

87 13s tu d ie d . P o ly a rg in in e -  and poly(A rg  ,  Ora )-DNA com plexes d i f f e r

from  polylysine-DNA (T suboi e t  a l . ,  1966; L i e t  a l . ,  1973) o r  p ro -

tamine-DNA complexes i n  t h a t  th e r e  ap p ears  two m e ltin g  bands a t

r e g io n , T7 T and T 7 f o r  th e  polyarginine-D N A  and p o ly  (Arg®^, 
m *  jl  iQ | i i

Ova )-DNA complexes w h ile  th e r e  appears on ly  one m e ltin g  band a t  T^

f o r  th e  o th e r s .  The e x is te n c e  o f  two m e ltin g  bands a t  T^ re g io n  i s

n o t  an a r t i f a c t  o f  EDTA b u f fe r  used  f o r  th e  com plexing and m e ltin g

ex p e rim e n ts . Two m e ltin g  bands a t  T^ w ere a ls o  observed  when th e

complexes w ere made and examined a t  0 .005  M c a c o d y la te  b u f f e r ,  pH 7 .0 .

The two m e ltin g  bands a t  T^ i s  n o t un ique  f o r  th e  p o ly a r g in in e -c a l f

thymus DNA com plex. I t  i s  a ls o  found when p o ly a rg in in e  i s  complexed

w ith  M. lu te u s . E. c o l i  and C l. p e r f r ln g e n s  DNA. I t  i s  w e ll  known

th a t  th e  T o f DNA v a r ie s  in  a  l in e a r  fa s h io n  w ith  th e  G+C c o n te n t m
(Marraur and D oty, 1962). This l in e a r  r e l a t i o n s h ip  betw een G+C c o n te n t

and m e ltin g  tem p e ra tu re  i s  a ls o  t r u e  when th e  T^ o f th e  p o ly a rg in in e

bound re g io n s  were u se d . F ig u re  6 shows th a t  b o th  T^ _ and t '  _tm ,l m ,n

In c re a se  l in e a r ly  w ith  th e  G+C o f  th e  in p u t DNA and th a t  th e  two l in e s

a re  p a r a l l e l  t o  each  o th e r  w h ile  th e  T l in e  h as  a  d i f f e r e n t  s lo p e .m

A f u r th e r  c o r r e la t io n  i s  found betw een m e ltin g  a re a s  a t  t '  __ tom , l l

t h a t  a t  t '  ,  and th e  G+C c o n te n t o f DNA u se d . As in d ic a te d  in  Table m ,i

IV t h i s  r a t i o  d e c re a se s  w ith  th e  In c re a s in g  G+C c o n te n t o f DNA. C l.

p e rf r ln g e n s  DNA c o n ta in in g  317. G+C h a s  about tw ice  as  much m e ltin g  a re a

a t  T/ _ th a n  a t  T7   w h ile  M. lu te u s  c o n ta in in g  70% G+C has te n  tim esm ,l m, I I  — '
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TABLE IV

The R e la tio n  Between th e  R a tio  o f  M elting  Area

<Ai , i i / \ i )a"dtheG+0
C onten t o f  DMA

DNA (G +  C)% *r /* i 'm ,I I /  m ,I

M. lu te u s 70 0 .08

E . c o l l 53 0 .33

C a lf  thymus 42 0 .42

Cl* p e rf r ln g e n s 31 0 .5 0



27

more DM m e ltin g  a t  I*, _ th a n  a t  T; TT.m, I m, II
(2) A n a ly s is  o f m e ltin g  d a ta

L ig h t s c a t t e r in g  o f  th e s e  com plexes, a s  m easured by ^220^260*

i s  aa low as about 0 .0 5  and i s  n o t s i g n i f i c a n t l y  changed b e fo re  and

a f t e r  m e ltin g . A nother p e r t in e n t  m e ltin g  p a ram ete rs  i s  hmgy, th e

maximum h y p e rch ro m ic ity  when m e ltin g  i s  com pleted . As shown in  T ab le  V,

a  complex w ith  a  h ig h e r  r  v a lu e  h a s  a  low er hmay, a  phenomenon a ls o

observed  i n  p o ly ly s in e -D M  complexes p rep a red  by d i r e c t  m ixing (L i e t

a l . . 1973). Because th e  h y p e rch ro m ic ity  o f  p ep tide -bound  re g io n s  i s

d i f f e r e n t  from  th a t  o f p e p t id e - f r e e  r e g io n s ,  E qs. (6) and (7) i n  C hapter

11 a re  used  t o  de te rm ine  th e  (3 v a lu e  (average  number o f  amino a c id

re s id u e  p e r  n u c le o t id e  in  p ro te in -b o u n d  re g io n s )  and h^ (h y p erch ro m ic ity

o f  base  p a i r s  bound by p r o te in s ) .  L in e a r  p lo t s  o f  Eq. (7 ) a re  shown

87 13i n  F ig u re  7 , f o r  p o ly a rg in in e -D M , p o ly  (Arg ,  Ora )-D M  and p ro -

tamine-DNA. com plexes which y ie ld  {3 v a lu e s  o f  0 .7 2 , 1 .05  and 1 .38

r e s p e c t iv e ly .  I n  o th e r  w ords, th e r e  a re  0 .7 2 , 1 .05  and 1 .38  amino a c id

87 13re s id u e s  p e r  n u c le o t id e  i n  p o ly a rg in in e - ,  po ly  (Arg ,  Ora ) -  and

pro tam ine-bound r e g io n s . L in e ar  p lo ts  o f  Eq. (6 ) a re  shown in  F ig u re  8

w hich y ie ld  ^ * 2 2 .5 ,  2 5 .0  and 3 3 .6  f o r  th e  h y p e rch ro m ic ity  o f  base

87 13p a i r s  bound by p o ly a rg in in e , p o ly  (Arg , Ora ) and p ro tam ine .

(3 ) E f fe c t  o f io n ic  s t r e n g th  on th e  m e ltin g  cu rv es  o f  complexes

I t  can  be asked w hether o r  n o t th e  two m e ltin g  bands a t  T 'm

re g io n  i n  p o ly a rg in in e -D M  complexes a re  due to  two d i f f e r e n t  e l e c t r o ­

s t a t i c  n e u t r a l i z a t i o n ,  such  th a t  th e y  end up w ith  two d i f f e r e n t  therm al 

s t a b i l i t i e s .  T his p o s s ib i l i t y  i s  t e s t e d  by th e  experim ent shown i n  

F ig u re  9 . A p o ly arg in in e -D M  w ith  r» 0 .4 5  was made i n  EDTA b u f f e r  and 

th e n  d ia ly z e d  in to  EDTA b u f fe r s  p lu s  0 .0 0 5 , 0 .01  and 0 .0 5  M NaCl
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TABLE V
The R e la tio n  o f  h and the  In p u t R a tio  o f  Amino Acid max

p e r  N u cleo tide  ( r  )

r

h ( % ) max

p o ly a rg in in e -
DNA

poly  ( A r g ^ O m 1^ ) -  
DNA

p ro tam in e-
DNA

0 .0 35.9 37 .0 37 .0

0 .1 30.2 m -

0 .2 29.6 35 .1 -

0 .3 32.2 - 36 .4

0 .4 m 31.9 m

0.45 28.3 - -

0 .6 25.7 30 .6 34.7

0 .7 23.7 - m

0 .8 m 30.6 m

0 .9 m - 34 .5

1 .0 « 2 7 .0 m

1 .2 m - 34 .0
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Fig* 9* E f f e c t  o f  io n ic  s t r e n g th  on m e ltin g  o f  p o ly a r g in in e - c a l f  thymus DNA complex*
r  =  0 .4 5 . The b u f f e r  i s  EDTA ( 2 .5  x 10~4M) p lu s  NaCl o f  0.0M ( ---------) ,  0.005M (
0.01M ( ------ ) and G.05M ( — a—) .
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r e s p e c t iv e ly .  The m e ltin g  tem p e ra tu re  o f f r e e  base  p a i r s  a t  i s

r a i s e d  as th e  io n ic  s t r e n g th  o f  th e  s o lu t io n  i s  in c re a s e d . On th e

o th e r  hand , th e  m e ltin g  te m p e ra tu re s . T* _ and T; o f  bound basem,x m ,l l

p a i r s  a re  n o t s h i f t e d .  These r e s u l t s  in d ic a te  t h a t  e l e c t r o s t a t i c

s h ie ld in g  on th o se  bound base  p a i r s ,  a t  T* _ o r  a t  T; TT, a re  n o t su b -m, x in $ xx

s t a n t i a l l y  d i f f e r e n t .

A p v a lu e  o f  1 .38 amino a c id  r e s id u e s  p e r  n u c le o t id e  o r  0 .92  a rg in in e

p e r  n u c le o t id e  i s  found in  protam ine-bound re g io n s . T h is  in d ic a te s  t h a t

th e  charges  on phosphates o f th e  bound re g io n s  a re  n e a r ly  com ple te ly

n e u t r a l i z e d .  The e f f e c t  o f  io n ic  s t r e n g th  on m e ltin g  was a ls o  perform ed

t o  examine e l e c t r o s t a t i c  s h ie ld in g  on DNA (Dove and D avidson, 1962).

F ig u re  10 shows t h a t ,  as th e  io n ic  s t r e n g th  i s  in c re a s e d , th e  Tffl o f  f r e e

DNA re g io n s  i s  a ls o  s h i f t e d  t o  h ig h e r  tem p e ra tu re s  w h ile  th e  o f  

p ro te in -b o u n d  re g io n s  rem ains c o n s ta n t ,  a  phenomenon s im i la r  t o  t h a t  

found f o r  polyarginine-D N A  com plexes.

C. C ir c u la r  D lchro ism  S tu d ie s
F ig u re s  11, 12 and 13 show CD s p e c t r a  o f  DNA complexed w ith  v a r io u s

87 13amounts o f  p o ly a rg in in e ,  p o ly  (Arg , Om ) and p ro tam in e . As more p o ly -  

87 13a rg in in e ,  p o ly  (Arg , Om  ) o r  p ro tam ine  i s  bound t o  DNA, th e re  a re  red

s h i f t s  f o r  th e  p o s i t iv e  band n e a r  275 nm ( l mgv.) and th e  c ro s so v e r  p o in t

n e a r  255 nm (Xc ) .  The am plitude  o f  th e  p o s i t iv e  band i s  a ls o  red u ced . These

changes resem ble  th o se  o f  DNA in  th e  p resence  r>f s a l t  (T u n is-S ch n e id e r and

M aestre , 1970), in  ch rom atin  (S h ih  and Fasman, 1970) o r  bound by p o ly ly s in e
87(Chang e t  a l . , 1973). The CD s p e c t r a  o f DNA complexed w ith  po ly  (Arg ,

13O m , ) a re  s im i la r  t o  th o se  o f  polyarginine-D NA com plexes, though th e  

th e rm a l d e n a tu ra t io n  r e s u l t s  a t  T* a re  v e ry  d i f f e r e n t  in  th e s e  two com plexes.
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F ig .  10 . E f f e c t  o f  Io n ic  s t r e n g th  on m e ltin g  o f  protamine-DNA complex ( r  =  0 .8 ) ,
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F ig .  11. CD s p e c tr a  o f  p o ly a r g in in e - c a l f  thymus DM com plexes.
r  =  0 ( ------ ) ,  0 .2 0  ( ------ ) ,  0 .35  ( — A— ) and 0 .6 0  ( — * — )
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When th e  d i f f e r e n c e  CD s p e c t r a  o f  pure  DNA. and th e  complexes were

ta k e n  I t  was found t h a t  th e  shapes a re  I d e n t i c a l  and th e  am plitude  o f

each  d i f f e r e n c e  CD spectrum  i s  p ro p o r t io n a l  t o  th e  r  v a lu e  i n  t h a t

com plex. The d i f f e r e n c e  CD s p e c t r a  o f  DNA. and protamine-DNA complexes

a re  shown in  F ig u re  14 as an exam ple. I t  I n d ic a te s  t h a t  th e  CD o f  th e

com plex, Aem» can  be decomposed in to  two com ponents, Afif o f  f r e e  and

Aeb o f bound b a se  p a i r s .  Aeb was c a lc u la te d  a c co rd in g  t o  Eq. (9 ) in

C hap ter I I  where F i s  de term ined  by th erm al d e n a tu ra t io n  method u s in g

Eq. (5 ) (F i s  th e  f r a c t i o n  o f b ase  p a i r s  bound i n  each  com plex).

87 13Aeb ’s  o f  DNA b ase  p a i r s  bound by p o ly a rg in in e , p o ly  (Arg , Orn ) and

pro tam ine  a re  shown in  F ig u re s  15, 16 and 17. W ith in  ex p e rim e n ta l

e r r o r s ,  Aeb o b ta in e d  from  d i f f e r e n t  r  v a lu e s  a re  I d e n t i c a l  t o  one

a n o th e r  f o r  each  k in d  o f com plex, which confirm s th e  h y p o th e s is  behind

Eqs. (8) and ( 9 ) ,  nam ely, t h a t  th e r e  i s  Aeb f o r  p r o te in  bound base  p a i r s .

The CD c h a r a c t e r i s t i c s  o f  Aeb a re  summarized i n  TABLE V I. I t  i s  seen

87 13th a t  A«b o f p o ly  (Arg , Orn )-DNA i s  c lo s e r  t o  t h a t  o f  polylysine-DN A

(Chang e t  a l . ,  1973) th a n  t h a t  o f  polyarginine-D N A  ex cep t t h a t ,  a t

87 13220 nm, Aeb i a  much g r e a te r  f o r  p o ly  (Arg , Orn )-DNA complexes

(F ig u res  15, 1 6 ). T h is i s  i n  agreem ent w ith  th erm al d e n a tu ra t io n  d a ta

th a t  th e  p rese n c e  o f  o r n i th in e  makes th e  complexes appear more c lo s e

to  polylysine-DN A com plexes. As shown in  F ig u re s  3 and 4 ,  th e r e  a re

87 13two m e ltin g  bands a t  in  polyarginine-D N A  and po ly  (Arg , Orn )-DNA 

com plexes, in d ic a t in g  two ty p es  o f  bound base  p a i r s .  F o r  th e  a n a ly s is  

o f CD r e s u l t s  o f  th e s e  com plexes, th e  average  CD, A«b » o f  th e s e  two 

ty p es  o f  bound b ase  p a ir s  i s  u se d . In  o th e r  w ords, i t  i s  assumed 

t h a t ,  f o r  each  com plex, th e  f r e e  b ase  p a i r s  have A®£ e q u a l to  t h a t  

o f pu re  DNA and th e  bound base  p a i r s  have an average  CD, Acb » which
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F ig .  15. C a lc u la te d  CD spectrum  ( a S^ )  o f  c a l f  thymus DNA base  p a i r s  
bound by p o ly a r g in in e .  r  =  0 .2 0  ( • ) ,  0 .35  ( a )  and 0 .6 0  
( • ) .  A lso  in c lu d e d  i s  A g ^ o f  c a l f  thymus DNA
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F ig . 16 . C a lc u la te d  CD spectrum  ( * £ ( , )  o f  c a l f  thymus DNA base  p a i r s  
bound by copo ly  (a rg )® ^ (o rn )1 3 . r  =  0 .40  ( a ) ,  0 .6 0  ( •  ) 
and 0 .8 0  ( ■ ) •  A lso  in c lu d e d  i s A ^ o f  c a l f  thymus DNA ( — ) .
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F ig .  17 . C a lc u la te d  CO spectrum  (<&£{,) o f  DNA base  p a i r s  bound by
p ro tam ine  ( --------) .  r  =  0 .3  ( • )» 0 .9  ( ■ ) and 1 .2  ( + ) •

o f  po ly  ly s in e -b o u n d  base  p a i r s  ( — ) (L i e t  a l . ,  1973) 
and o f  DNA in  3.0M NaCl, EDTA b u f f e r  ( • • • •  ) a re  a ls o
in c lu d e d .
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TABLE VI

C ir c u la r  D ichroism  C h a r a c te r i s t i c  o f  ^

\  (tun) max <X c(nm) m a x A ^ " 100*13

DNA 275 256.5 2 .53

polylysine-DNA 283 273 0 .80

p o ly a rg in in e -
DNA

286 278 0.53

P° J ?  «  „  13. (Arg ,O rn ) -
DNA

282 271 0 .63

protamine-DNA 278 261 1 .7
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I s  t o  be detezm lned .

DISCUSSION

H isto n e  H2B w ith  uneven charge  d i s t r i b u t i o n  a long  th e  m olecu le  can  

induce  b ip h a s ic  m e ltin g  a t  when i t  b in d s  to  DNA. (L i and B onner, 1971). 

P o ly ly s in e  w ith  homogeneous charge  d i s t r i b u t i o n  along  th e  m olecu le  in -
I

duces o n ly  one phase o f  m e ltin g  a t  T^ (Tsuboi e t  a l . ,  1966; L i e t  a l . , 1973). 

However, p o ly a rg in in e  which i s  a ls o  homogeneous i n  charge  d i s t r i b u t io n  

a long  th e  m olecule in d u ces  b ip h a s ic  m e ltin g  a t  when i t  i s  complexed

w ith  DNA (F ig u re  3 ) ;  T h is  b ip h a s ic  m e ltin g  a t  i s  unexpected .
i vi .a

The tem p era tu re  o f  p o ly a rg in in e -b o u n d  DNA re g io n s  depend on th e  G+C L'
A

c o n te n t o f  th e  DNA used  (F ig u re  6 ) .  Both T ' _ and T* TT b e a r  l i n e a rm,x m ,x i

r e la t io n s h ip  w ith  th e  G+C c o n te n t o f  DNA. The r e l a t i v e  am p litude  o f th e s e  

two m e ltin g  bands i s  a ls o  a  fu n c t io n  o f  G+C c o n te n t (TABLE IV ). T', _ ,Dl| X

th e  low er m e ltin g  band, i s  more prom inent i n  a  complex w ith  h ig h e r  G+C

c o n te n t th a n  th e  one w ith  low er G+C. The l a t t e r  r e s u l t  i s  o p p o s ite  to

th e  p o s s ib le  e x p e c ta tio n  th a t  th e  t '  _ co rresp o n d s to  p o ly a rg in in e -b o u n dm, x

(A -tT)-rich re g io n s  w h ile  th e  T^ j j . t o  th e  (G +C )-rich r e g io n s .

F ig u re  9 shows t h a t  b o th  t '  _ and t '  __ w ere n o t s h i f t e d  t o  a  h ig h e rm,I m ,ll
tem p e ra tu re  when th e  io n ic  s t r e n g th  o f  th e  s o lu t io n  was in c re a s e d . T h is

in d ic a te s  t h a t  th e  bound DNA segm ents, a lth o u g h  m elted  a t  two te m p e ra tu re s ,

a re  e l e c t r o s t a t i c a l l y  n e u t r a l iz e d .  T h is  c o n c lu s io n  i s  a ls o  su p p o rted  by

th e  s im i la r  number o f  Arg re s id u e s  p e r  n u c le o t id e  (P) i n  th e  bound re g io n s

f o r  DNA o f  d i f f e r e n t  G+C c o n te n ts  (E p s te in  e t  a l . , 1974).

S u b s t i tu t io n  o f Arg re s id u e s  i n  p o ly a rg in in e  a ls o  le a d s  t o  a  change

i n  th e  r e l a t i v e  am p litude  o f  T ' t and T', The p resen ce  o f 13% randomlym, x m , i i

s u b s t i tu te d  Om  re s id u e s  i n  p o ly a rg in in e  r e s u l t s  in  a  s h i f t  o f  th e  r a t i o



44
A i /ATr# . The r a t i o  f o r p o l y a r g i n in e - c a l f  thymus DNA complex I s  0 .43  

m ,I I  m ,I q-
w h ile  t h a t  o f  po ly  (Arg ,  Orn ) - c a l f  thymus DNA complex i s  2 .9 .  The

p resen ce  o f Orn a ls o  in c re a s e d  th e  (3 v a lu e s  from  0 .72  f o r  p o ly a rg in in e  t o

1 .05  f o r  p o ly . (Arg®^, O m ^ ) .

P ro tam ine , c o n ta in in g  67% Arg r e s id u e s  and 33% n o n -b as ic  r e s id u e s ,

when bound t o  D N A ,resu lts i n  o n ly  one m e ltin g  band a t  92° co rresp o n d in g  to

th e  T# t o f  polyarginine-D N A  com plex. No m e ltin g  band co rresp o n d s t o  th e1Q| X
T# __ o f  polyarginine-D N A  com plexes. The pro tam ine-bound DNA re g io n  i s  m ,l l
a ls o  n e a r ly  e l e c t r o s t a t i c a l l y  n e u t r a l iz e d  (F ig u re  10 ). A 0 v a lu e  o f  1 .38  

amino a c id  p e r  n u c le o t id e  re p re s e n ts  about 0 .9 2  Arg re s id u e s  p e r  n u c le o ­

t i d e  which in d ic a te s  t h a t  th e  c h a rg es  i n  pro tam ine-bound reg io n s  a re  n e a r ly  

n e u t r a l i z e d .

When a  p o ly a rg in in e  b in d s  t o  DNA i t  can  wind a long  e i t h e r  th e  m ajor 

o r  th e  m inor groove o f  DNA. DNA segm ents bound by s im i la r  p o ly a rg in in e  

i n  o p p o s ite  grooves would have d i f f e r e n t  m e ltin g  tem p era tu re s  a t  T^.

The p r o b a b i l i ty  f o r  p o ly a rg in in e  t o  wind a long  e i t h e r  groove cou ld  be 

a  fu n c t io n  o f th e  G+C c o n te n t and th e  con fo rm ation  o f DNA. T h is  p ro b ­

a b i l i t y  cou ld  a ls o  be m od ified  by amino a c id  s u b s t i tu t io n  in  p o ly a rg in in e . 

F o r in s ta n c e ,  as  th e  backbone o f  a  p o ly p e p tid e  w inds a long  th e  groove o f  

DNA, th e  s id e  ch&is ex ten d  to  th e  phosphates (T subol e t  a l . ,  1966); th e  

le n g th  o f  amino a c id  s id e  c h a in  and th e  secondary  s t r u c tu r e  o f  DNA cou ld  

be c r i t i c a l  f o r  th e  s e le c t io n  o f  th e  groove f o r  p r o te in  b in d in g ; chem ical 

environm ents i n  th e  grooves a re  d i f f e r e n t  and cou ld  p la y  a  m ajor r o le  f o r  

p o ly p ep tid e  b in d in g  i f  l n t e r a t i o n  betw een amino a c id  re s id u e s  and n u c le o t id e s  

( p a r t i c u la r ly  on th e  b a se s )  a re  in v o lv e d .

Our ex p e rim e n ta l r e s u l t s  a re  in  agreem ent w ith  th e  above su g g e s tio n  

t h a t  p o ly a rg in in e  cou ld  b in d  DNA i n  b o th  g rooves to  produce t '  T andDp X



T In  th e  ca se  o f p ro tam ine  b in d in g , on th e  o th e r  hand , th e  e x is te n c em,ll
o f  on ly  T ' t m e ltin g  band cou ld  p o s s ib ly  im ply th e  b in d in g  o f p ro tam ine  inTO) X

o n ly  one o f th e  two grooves o f  DNA..



CHAPTER IV

PURIFICATION OF HISTONE H3r MONOMER, DIMER AND OLIGOMERS

P u b lish ed  p ro ced u res  f o r  th e  s e p a ra tio n  h is to n e  H3 from  th e  o th e r
(

fo u r  h is to n e  f r a c t io n s  have e x p lo i te d  th e  f a c t  t h a t  th e  h is to n e  H3 i s  

th e  o n ly  Cys c o n ta in in g  h is to n e  (H n ilic a , 1972). R u lz -C a r r l l lo  and 

A l l f r e y  (1973) have p u r i f ie d  c a l f  thymus h is to n e  H3 by b in d in g  i t  t o  an 

o rg an o -m erc u ria l sep h aro se  colum n. H is to n e  H3 was reco v ered  from  th e  

column by subsequen t e lu t io n  w ith  t h i o l  compounds such  as m ercap to e th an o l 

o r  d i t h i o t h r e i t o l  (DTT). Sanders and McCarty (1972) have p u r i f ie d  duck 

e ry th ro c y te  h is to n e  H3 by o x id a t io n  and subsequen t colum n chrom atography. 

Crude h is to n e  H3 was f i r s t  i s o l a te d  by th e  d i f f e r e n t i a l  p r e c i p i t a t i o n  

method o f Johns (1964) and th e  h is to n e  H3 in  th e  f r a c t i o n  was o x id iz e d  

t o  th e  d im eric  form  v i a  -S -S -;llfa k a g e . The d im e ric  h is to n e  H3 was th e n  

s e p a ra te d  from  th e  o th e r  h is to n e s  by column chrom atography on sephadex 

G-100. T h is  c h a p te r  d e s c r ib e d  th e  a d o p tio n  o f  t h i s  o x id a t io n  method to  

th e  p u r i f i c a t i o n  o f  h is to n e  H3 from  c a l f  thymus.

46
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A. P u r i f i c a t io n  o f C a lf  Thymus Chrom atin

C a lf  thymus ch rom atin  was p rep a re d  by a  m o d if ic a tio n  o f  th e  methods 

o f  Shih  and Bonner method (1969). 50 gms o f  m inced c a l f  thymus were

homogenized w ith  a  W aring b le n d e r  in  200 ml o f  su c ro se  medium (0 .2 5  M 

S u c ro se , 1 mM MgCl2 , and 10 mM T ris -H C l, pH 8 .0 )  a t  "low " s e t t in g  f o r  

2 m in u tes . 400 ml o f  t h i s  su c ro se  medium was added and f u r th e r  b lended  

a t  "h igh" s e t t i n g  f o r  1 m inu te . The homogenate was f i l t e r e d  th ro u g h  4 

la y e r s  o f c h e e s e c lo th  and th e n  th ro u g h  2 la y e r s  o f m ira c lo th  to  remove 

la r g e  fragm en ts and c o n n ec tiv e  t i s s u e s .  The n u c le a r  f r a c t i o n  was i s o la te d  

by a  low speed  c e n tr i f u g a t io n  (2 ,000  x  g f o r  20 m in u tes) and washed once 

Uilth th e  su c ro se  medium. The n u c le a r  p e l l e t s  were ly se d  by suspending  

them  w ith  a  t e f l o n  hom ogenizer i n  60 ml o f 10 mM T ris -H C l, pH 8 .0 .  

Chrom atin was rec o v e red  by c e n t r i f u g a t io n  a t  12,000 x g f o r  20 m in u tes .

The p e l l e t s  w ere washed 2 tim es  by re su sp e n s io n  in  10 mM T ris-H C l, pH 8 .0  

and subsequen t c e n tr i f u g a t io n  a t  12 ,000 x g f o r  20 m in u tes . The f i n a l  

washed p e l l e t s  were th e n  resuspended  i n  30 ml o f T r is  b u f f e r .  5 .0  ml of 

t h i s  c rude  ch rom atin  su sp en sio n  were la y e re d  on 25 ml o f  1 .7  M s u c ro se ,

10 mM T ris -H C l, pH 8 .0 ,  in  a  SW 25 c e n tr i f u g e  tu b e  and c e n tr ifu g e d  a t

50 ,000  x g f o r  2 h o u rs . The su c ro se  s o lu t io n  was removed by p ip e t t in g  

and th e  p e l l e t s  resuspended  i n  10 mM T ris-H C l, pH 8 .0  by hom ogenization . 

The l a s t  t r a c e  o f su c ro se  was removed from  th e  p u r i f ie d  ch rom atin  by an 

o v e rn ig h t d i a l y s i s  a g a in s t  10 mM T ris-H C l, pH 8 .0 .

B. P re p a ra tio n  o f Crude H isto n e  H3

Crude h is to n e  H3 was p rep a re d  from  p u r i f ie d  c a l f  thymus chrom atin  

acco rd in g  t o  th e  method o f Johns (1964). P u r i f ie d  ch rom atin  was e x tr a c te d  

w ith  4 volumes o f e th a n o l-1 .2 5  N HCl (4 :1 ,  V/V) a t  4°C f o r  3 h o u rs . The
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m ix tu re s  w ere th e n  c e n tr ifu g e d  a t  12,000 x  g f o r  30 m in u tes . The su p e rn a ta n t 

was th e n  d la ly z e d  o v e rn ig h t a g a in s t  a b s o lu te  e th a n o l a t  4°C. The p r e c ip l -  

t a t e s  formed w ere th e n  c e n tr ifu g e d  down, washed f i r s t  w ith  e th a n o l ,  and th e n  

w ith  a c e to n e , and f i n a l l y  d r ie d  under vacuum. The c rude  h is to n e  H3 f r a c t io n s  

as p rep a red  by t h i s  method s t i l l  c o n ta in ed  la rg e  amounts o f co n tam in a tin g  

h is to n e s  H2A and H4 a s  de te rm ined  by e le c tr o p h o r e s is .

C. O x id a tio n  o f  Crude H isto n e  H3

S e p a ra tio n  o f  h is to n e  H3 from  co n tam in a tin g  h is to n e s  was ach ieved  by 

ta k in g  advantage o f  th e  c y s te in e  c o n te n t o f  h is to n e  H3. C a lf  thymus h is to n e  

H3 c o n ta in s  two -SH groups and can be o x id iz e d  t o  th e  d im eric  and o lig o m eric  

forms by in te r -m o le c u la r  -S -S - bond fo rm a tio n  (Panylm e t  a l . , 1971). These 

form s, by v i r t u e  o f  t h e i r  h ig h  m o lecu la r w e ig h ts , can be e a s i l y  se p a ra te d  

from  h is to n e  H2A and H4 by g e l  f i l t r a t i o n  i n  Sephadex G-100. I n t r a ­

m o lecu la r -S -5 'b o n d  can  a ls o  o ccu r d u rin g  o x id a t io n  form ing th e  c y c l ic  

monomeric h is to n e  H3. The c y c l ic  form  o f  h is to n e  H3 however can  n o t be 

se p a ra te d  from  H2A and H4 i n  sephadex . Sanders and McCarty (1972) have 

p u r i f ie d  h is to n e  H3 from  duck e ry th ro c y te s  by t h i s  o x id a t io n  m ethod. In  

t h i s  c a se  only  a  dim er i s  formed s in c e  duck e ry th ro c y te  h is to n e  H3 c o n ta in s  

on ly  one -SH g roup .

(1) O x id a tio n  o f  duck c rude  h is to n e  H3

O x id a tio n  o f  duck h is to n e  H3 was perform ed as d e sc r ib e d  by Sanders 

and McCarty (1972). Duck e ry th ro c y te  H3 +  H2A h is to n e s ,  a  g i f t  o f  D r. L. 

S an d ers , was d is s o lv e d  i n  6 M guan id ine-H C l, 0 .3  M T ris -H C l, pH 8 .3  a t  a  

p r o te in  c o n c e n tra t io n  o f  4 mg/ml. A ir  o x id a tio n  o f  th e  -SH groups was 

ach ieved  by a  slow , c o n s ta n t shak ing  a t  37°C f o r  18 h o u rs . A f te r  o x id a t io n , 

th e  h is to n e  s o lu t io n  was d la ly z e d  o v e rn ig h t a g a in s t  d i s t i l l e d  w a te r  a t  4°C
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and p r e c ip i t a te d  by th e  a d d it io n  o£ 0 .67  volume o f  c o ld  50% TCA. The 

p r e c ip i t a te d  h is to n e  was c o l le c te d  by c e n t r i f u g a t io n  and washed w ith  

a c id i f i e d  ace to n e  (0 .5  ml o f  12N HC1 p e r  l i t e r  o f  a c e to n e ) , fo llow ed  

by acetone  and e th e r .  A f te r  d ry in g  in  vacuum, th e  o x id iz e d  c rude  h is to n e  

H3 was d is s o lv e d  i n  0 .1  N HOAc and ly o p h il iz e d .

(2 ) G el f i l t r a t i o n  o f  duck h is to n e s

11 mg o f  o x id iz e d  duck h is to n e s  H3 and H2A were d is s o lv e d  in  0 .25  ml 

o f  0 .0 1  N HCl and a p p lie d  to  a  Sephadex G-100 column (1 .5  x  100 cm) which 

was p r e e q u i l ib r a te d  w ith  0 .0 1  N HCl. The column was e lu te d  w ith  0 .0 1  N 

HCl and 3 ml f r a c t io n s  were c o l l e c te d .  The abso rbance  o f each  f r a c t io n  

a t  235 nm were th e n  m easured. F ra c t io n s  co rre sp o n d in g  t o  h is to n e  H3 

dim er and H2A were th e n  poo led  and ly o p h il iz e d . The d r ie d  h is to n e s  were 

r e d is s o lv e d  i n  0 .1  N HOAc and d la ly z e d  a g a in s t  0 .1  H HOAc. A f te r  

d i a l y s i s  th e  h is to n e  f r a c t io n s  were a g a in  ly o p h il iz e d . F ig u re  18 shows 

ty p ic a l  ru n  o f duck o x id iz e d  h is to n e s  H3 +  H2A in  Sephadex G-100. The 

two m ain p r o te in  peaks co rre sp o n d in g  t o  h is to n e  H3 dim er and H2A were 

c l e a r ly  s e p a ra te d . Such column f r a c t io n a t io n s  w ere h ig h ly  re p ro d u c ib le . 

The com plete s e p a ra t io n  o f  h is to n e s  H3 and H2A was f u r th e r  a s se s se d  by 

p o lyacry lam ide  g e l  e le c t r o p h o r e s i s .  F ig u re  19a shows a  g e l  scan  o f  an 

o x id iz e d  sample o f  H3 +  H2A. As shown i n  t h i s  g e l  a  s l i g h t  amount o f 

h is to n e  H3 monomer i s  s t i l l  p r e s e n t .  F ig u re s  19b and 19c show th e  

e le c tr o p h o r e t ic  p a t te r n s  o f  th e  s e p a ra te d  f r a c t io n s  from  Sephadex 

chrom atography. The h is to n e  H3 dim er i s  v i r t u a l l y  f r e e  o f co n tam in a tin g  

h i s to n e s .

(3 ) O x id a tio n  o f  c a l f  thymus crude  h is to n e  H3

50 mg o f crude  c a l f  thymus h is to n e  H3 were o x id iz e d  i n  guanidine-H C l 

by th e  method o f Sanders and McCarty (1972) and a p p lie d  to  a  Sephadex
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F ig . 18. Gel f i l t r a t i o n  o f duck h is to n e  H3 and H2A.
11 nig o f  o x id iz e d  duck h is to n e  H3 and H2A were 
f r a c t io n a te d  in  a Sephadex G-100 column (1 .5  x 
100 cm) th a t  was p r e e q u i l ib r a te d  w ith  0 .01  N 
HCl. 3 ml f r a c t io n s  were c o l le c te d  and t h e i r  
absorbance a t  235 nm were m easured. Peak a 
co rresp o n d s to  h is to n e  H3 dim er and peak b ' 
c o rresp o n d s to  h is to n e  H2A.
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H2A ♦ H3

+ +■

F ig .  19. P o lyacry lam ide  g e l  e le c t r o p h o r e s i s  o f  duck h i s to n e s .
( a )  Sample c o n ta in e d  u n f r a c t io n a te d ,  o x id iz e d  duck h is to n e  
H3 and H2A. (b )  and (c )  a r e ,  r e s p e c t iv e ly ,  e le c t r o p h o r e t i c  
p a t t e r n  o f  peak$b and a h is to n e s  o b ta in e d  from  Sephadex 
G-100 chrom atography a s  shown in  F ig .  18 .
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G-100 (4 .5  x  90 cm) colum a. The column was e lu te d  w ith  0 .01  N HCl a t  

22 m l/h r  and 150 d rops f r a c t io n s  c o l l e c te d .  The r e s u l t i n g  e lu t io n  

p a t t e r n  as  d e p ic te d  In  F ig u re  20 shows th a t  v e ry  l i t t l e  d im eric  o r  

o lig o m eric  form s were o b ta in e d  ( f r a c t io n  a ) .  A la r g e  b road  in c lu s io n  

peak  ( f r a c t io n  b ) was found , w hich, on g e l  e le c t r o p h o r e s i s ,  gave a  m ajor 

band t h a t  moves s l i g h t l y  f a s t e r  th a n  th e  reduced  h is to n e  H3 b u t slow er 

th a n  h is to n e  H2A. T h is  band co rresp o n d s t o  th e  c y c l i c  h is to n e  H3 monomer 

as  re p o r te d  by Panyirn e t  a l . , (1971), u t i l i z i n g  6M u re a  in  th e  o x id a tio n  

medium.

The guanld lne-H C l method o f o x id a t io n , a lth o u g h  u s e fu l  i n  th e  i s o l a t i o n  

o f  d im eric  form  of h is to n e  H3 from  duck , i s  n o t s u i t a b le  f o r  c a l f  thymus 

h is to n e  H3. D if fe r e n t  methods o f o x id a t io n  have been  t r i e d  t o  o b ta in  a 

good y ie ld  o f d im e ric  and po lym eric  h is to n e  H3. O x id a tio n  o f  h is to n e  H3 

i n  th e  p resen ce  o f 6M u re a , a s  i s  th e  c a se  i n  guan ld lne-H C l, r e s u l t s  in  

th e  r a p id  fo rm a tio n  o f  ln tr a -m o le c u la r  d i s u l f id e  bonds. O x id a tio n  in  

a c id ic  medium (0 .9  N HOAc) r e s u l t s  i n  th e  fo rm a tio n  o f  d im ers , b u t th e  

r a t e  o f  r e a c t io n  i s  v e ry  slow  (Panyim e t  a l . , 1971). The most e f f i c i e n t  

and s im ple  method f o r  th e  fo rm a tio n  o f  h is to n e  H3 o ligom er i s  th e  a i r  

o x id a t io n  o f  h is to n e  H3 a t  room tem p e ra tu re  in  0 .1  M T ris-H C l b u f f e r  a t  

pH 8 .0  f o r  8 h o u rs . A ty p ic a l  g e l  e le c t r o p h o r e t ic  p a t te r n  o f  th e  o x id ized  

sam ple i s  shown in  F ig u re  21 . The m ajor o x id iz e d  p ro d u ct o f  h is to n e  H3 a re  

th e  d im eric  and o lig o m eric  fo rm s.

F ig u re  22 shows a  ty p ic a l  e lu t io n  p a t t e r n  a f t e r  Sephadex g e l  G-100 

chrom atography o f  t h i s  T r ls -o x id iz e d  c rude  h is to n e  H3 p ro d u c t. I n  c o n tr a s t  

t o  th e  chrom atograph ic  p a t t e r n  o f  g u an id in e -H C l-o x id ized  h is to n e  H3, two 

peaks t h a t  chrom atographed c lo se d  to  th e  v o id  volume a re  w e ll  s e p a ra te d  

from  th e  in c lu s io n  peak . Gel e le c t r o p h o r e t ic  p a t te r n s  o f th e  peak f r a c t io n s
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F ig . 20 ; G el f i l t r a t i o n  o f  c a l f  thymus h is to n e  H3 o x id iz e d  in  
g u an id in e -H C l. 50 mg o f  c rude  c a l f  thymus h is to n e  
H3 o x id iz e d  in  Gn-HCl were f r a c t io n a te d  in  a  Sephadex 
G-100 column (4 .5  x 90 cm) t h a t  was p r e e q u i l ib r a te d  
w ith  0 .01  N HCl. The column was e lu te d  w ith  0 .01  N HCl 
and 150 d rops f r a c t i o n s  c o l l e c t e d .  Peak a  c o n ta in s  
h is to n e  H3 dim er and peak b c o n ta in s  b o th  h is to n e  H2A 
and c y c l i c  h is to n e  H3.
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<H3>

H2A

(H3 ),

+

F ig .  21 . P o ly acry lam id e  g e l  e le c t r o p h o r e s i s  o f  o x id iz e d  c rude  
c a l f  thymus h is to n e  H3. Crude c a l f  thymus h is to n e  
H3 was d is s o lv e d  in  0 .1  M T ris -H C l, pH 8 .0  <4 mg/ml) 
and th e  s o lu t io n  s lo w ly  s t i r r e d  a t  room tem p era tu re  
f o r  8 h o u rs . An a l iq u o t  o f  th e  o x id iz e d  sam ple was 
th e n  e le c tro p h o re z e d  as d e s c r ib e d  in  C hap ter I I .  The 
to p  cm o f  th e  g e l  c o n ta in in g  (H3)n have m u lt ip le  
p r o te in  bands t h a t  w ere n o t re s o lv e d  by th e  sc a n n e r .
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F ig .  22 . F r a c t io n a t io n  o f  o x id iz e d  c rude  c a l f  thymus h is to n e  
H3 by Sephadex 6-100 column chrom atography.
Column s iz e  was 4 .5  x 90 cm. H is to n es  w ere e lu te d  
by 0 .0 1  N HCl. F ra c t io n s  a ,  b and c , r e s p e c t iv e ly ,  
co rre sp o n d  to  o lig o m eric  h is to n e  H3, d im eric  
h is to n e  H3 and th e  m ix tu re  o f H2A, H4 and h is to n e  
H3 monomer.
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w ere d e te rm in ed . F ig u re  23a shows t h a t  f r a c t i o n  a  from  th e  G-100 column 

c o n ta in s  o lig o m eric  form s o f h is to n e  H3. P a r t i a l  re d u c t io n  o f  t h i s  f r a c t i o n  

y ie ld s  b o th  d im eric  and monomeric h is to n e  H3. F ig u re  23b shows th a t  f r a c t i o n  

b c o n ta in s  th e  d im eric  form  o f h is to n e  H3. Monomeric h is to n e  H3 can  be 

o b ta in e d  when h is to n e  H3 dim er and o ligom er a re  co m p le te ly  reduced  w ith  DTT.

(4) P re p a ra tio n  o f  c a l f  thymus h is to n e  H3 dim er and o ligom ers

H istone  H3 dim er and o ligom ers were poo led  fo llo w in g  s e v e r a l  Sephadex 

G-100 runs as shown in  F ig u re  22. F r a c t io n  a ,  from  tu b e s  62 to  69 , was 

poo led  as o lig o m eric  h is to n e  H3 and f r a c t i o n  b , from  tu b e s  73 t o  81 was 

poo led  as  d im eric  H3. Tubes betw een f r a c t io n s  a  and b were poo led  and r e ­

chrom atographed on Sephadex G-100 colum n. S im ila r ly  tu b e s  a f t e r  f r a c t io n  b 

(82 t o  85) were a ls o  rechrom atographed . Pooled f r a c t io n s  w ere ly o p h il iz e d , 

d la ly z e d  a g a in s t  0 .1  N HOAc and r e ly o p h i l iz e d .

D. P re p a ra tio n  o f  Monomeric H is to n e  H3

The o x id iz e d  form  o f h is to n e  H3 was reduced  by d l t h i o t h r e i t o l  (DTT) 

acco rd in g  t o  th e  method o f  R u iz -C a r r i l lo  and A l l f r e y  (1973) t o  o b ta in  th e  

monomeric form  o f h is to n e  H3. 50 mg o f o x id iz e d  h is to n e  H3 were d is s o lv e d

i n  2 ml o f  6 M u re a ,  40 nM DTT, 0 .1  M T ris -H C l, pH 9 .0  and in cu b a ted  a t  

40°C f o r  1 h o u r . F o llow ing  th e  in c u b a t io n , . th e  s o lu t io n  was d i lu te d  w ith  

an e q u a l volume o f w a te r . 507. TCA was th e n  added t o  g iv e  a  f i n a l  c o n c e n tra ­

t i o n  o f 187.. A f te r  c e n t r i f u g a t io n ,  th e  p e l l e t  was washed two tim es  w ith  

187. TCA, once w ith  a c id i f i e d  ace to n e  (0 .1  ml o f  12 N HCl/100 ml a c e to n e ) , 

and th re e  tim es w ith  c o ld  ace to n e  p r io r  to  d ry in g  i n  vacuo . A s im p le r  

r e d u c t iv e  method was a ls o  used which g iv es  e s s e n t i a l l y  th e  same r e s u l t s .  

O xid ized  h is to n e  H3 was d is s o lv e d  i n  100 mM DTT a t  a  c o n c e n tra t io n  o f 4 

t o  10 mg/ml and in cu b a ted  a t  37° f o r  8 h o u rs . The o x id iz e d  and reduced
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F ig .  23. Po lyacry lam ide  g e l  e le c t r o p h o r e s i s  o f  c a l f  thymus h is to n e
H3 d im er and o lig o m e rs . Gel sc an s  (a )  and (b ) correspond^ 
r e s p e c t iv e ly ,  t o  peak a  and b m a te r ia ls  from  Sephadex G-100 
chrom atography as shown in  F ig .  22 . Peak a  c o n ta in  po lym eric  
form s o f  h is to n e  H3 t h a t  a re  l a r g e r  th a n  a  t r im e r  and peak b 
c o n ta in  e s s e n t i a l l y  e a  d im e ric  h i s to n e  H3.
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form  o f  h is to n e  H3 from  c a l f  thymus a re  shown in  F ig u re  24 . As shown in  

th e  g e ls  more th a n  907. o f  th e  h is to n e  H3 was reduced  t o  th e  monomeric 

form . S im ila r  r e s u l t s  were o b ta in e d  w ith  duck h is to n e  H3.

E. Amino A cid A n a ly s is  o f H istone  H3

Amino a c id  a n a ly s is  o f p u r i f ie d  h is to n e  H3, <H3>2 and (H3)n w ere 

k in d ly  perform ed by D r. T . H. L ia o . P ro te in s  were hyd ro lyzed  in  6N 

HCl f o r  18 hours and analyzed  in  a  m od ified  autom ated amino a c id  

a n a ly z e r  (L iao  e t  a l . ,  1973). The amino a c id  com positions f o r  th e  

i s o l a te d  h is to n e  H3, (H3>2 and (H3)n were no rm alized  w ith  r e s p e c t  to  

th e  A la r e s id u e  (18 r e s id u e s /m o l) .  T ab le  V II shows t h a t  th e  amino a c id  

com positions  o f h is to n e  H3, (H3)_ and (H3) a re  s im i la r  to  each  o th e r  

and a ls o  s im i la r  t o  t h a t  re p o r te d  by DeLange e t  a l ; , (1973) in  t h e i r  

sequence work on c a l f  thymus h is to n e  H3. M inor d i f f e r e n c e s  i n  th e  

co m p o sitio n  were found on ly  in  A sp, T hr, Glu and Met c o n te n t .

F . D isc u ss io n

P u r i f i c a t io n  o f  h is to n e  H3 from  c a l f  thymus and duck e ry th ro c y te  

was ach iev ed  by f i r s t  u t i l i z i n g  th e  d i f f e r e n t i a l  e x t r a c t io n  method of 

Johns (1964) fo llow ed  by Sephadex g e l  chrom atography o f  th e  o x id iz e d  

h is to n e  H3 to  s e p a ra te  i t  from  co n tam in a tin g  low er m o lecu la r w eigh t 

h i s to n e s .

I t  was found t h a t  d i f f e r e n t  ty p es  o f  c a l f  thymus h is to n e  H3 o x id a t io n  

p ro d u c ts  co u ld  be o b ta in e d  when d i f f e r e n t  m ethods o f  o x id a t io n  w ere u t i l iz e d ^  

I n  th e  p rese n c e  o f  d e n a tu ra t in g  ag e n ts  such  as guanid ine-H C l o r  u re a ,  an  

in tra m o le c u la r  form  predom inates w h ile  in  th e  absence o f such  a g e n ts  

m o stly  d im e ric  and o lig o m eric  p ro d u c ts  w ere o b ta in e d . T h is  i s
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F ig .  24 . P o ly acry lam id e  g e l  e le c t r o p h o r e s i s  o f  c a l f  thymus
h is to n e  H3 monomer. D im eric c a l f  thymus h is to n e  H3 
(Upper sc a n )  o b ta in e d  as  d e s c r ib e d  in  F ig .  21 . w ere 
red u ced  by DTT and an a l iq u o t  was e le c tro p h o re z e d  C 
Lower s c a n ) .  More th a n  907, o f  (H3>2 w ere reduced  i n to  
monomeric form .
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TABLE VII

Amino Acid C om position o f  H istone  H3, (H3)2» and (H3)R

Amino Acid
Number o f  

r e s id u e  p e r  
m olecule ( a )

........... ■'!

H3 (H3)2 (H3)n

Asp 5 5 .3 6 .1 6 .2

Thr 10 9 .4 9 .2 9 .3

Ser 5 4 .8 4 .7 4 .7

Glu 15 16.2 15.7 16.3

Pro 6 6 .1 5 .8 5 .7

Gly 7 7 .3 7 .3 7 .4

Ala 18 18 18 18

Val 6 5 .9 5 .8 6 .0

Met 2 2 .4 1.6 0 .7

l ie u 7 6 .7 6 .6 6 .6

Leu 12 12.3 12.1 12.2

Tyr 3 2 .8 2 .6 2 .8

Phe 4 3 .9 3 .8 3 .9

Lys 13 12.9 12.9 12.8

H is 2 1.9 1.9 2 .0

Arg 18 17.7 17.6 17.2

Cys 2 (b ) (b ) (b )

( a )  DeLange e t  a l . ,  (1973)
(b )  n o t determ ined



d iag ra m m a tic a lly  shown as fo llo w in g : 

( a )  N

6M  urea

dimer oligomers

Panyim e t  a l .  (1971) have a ls o  shown th a t  i n  th e  p rese n c e  o f  HOAc a  

v e ry  slow  o x id a t io n  o f h is to n e  H3 t o  m ain ly  d im e ric  form  was o b ta in e d .

The tendency  f o r  th e  fo rm a tio n  o f in te rm o le c u la r  d i s u l f id e  bonds 

cou ld  p o s s ib ly  be e x p la in ed  i n  term s o f  th e  secondary  and t e r t i a r y  

s t r u c tu r e s  o f  h is to n e  H3 i n  th e  v a r io u s  m edia. F ig u re  25 shows th e  

CD s p e c t r a  o f  h is to n e  H3 i n  s e v e r a l  m edia. I n  w a te r ,  h is to n e  H3 shows 

a  n e g a tiv e  CD peak a t  200 nm and a  s u b s ta n t i a l  n e g a tiv e  sh o u ld e r  n e a r  

220 nm. I t  i n d ic a te s  t h a t  h is to n e  H3 i n  w a te r  c o n ta in s  m ostly  random 

c o i l  w ith  some r t- h e l ix  a n d /o r  ^ - s h e e t  s t r u c tu r e s .  The CD s p e c t r a  in  

0 .9  N a c e t i c  a c id  above 220 nm i s  e s s e n t i a l l y  th e  same as  t h a t  i n  w a te r . 

I n  0 .1  M T r i s ,  pH 8 .0 ,  th e  CD s p e c t r a  becomes more n e g a tiv e  betw een 

215nm and 230 nm, su g g e s tin g  th e  fo rm a tio n  o f  more o ( -h e lix , P 's h e e t  

o r  b o th . The n e g a tiv e  CD above 210 nm i s  g r e a t ly  reduced  i n  6 M u re a  

o r  i n  6 M guan id ine-H C l. W ith re g a rd  t o  secondary  s tr u c tu r e *  h is to n e  

H3 can  be s a id  to  c o n ta in  more o rd ered  s t r u c tu r e  i n  0 .1  M T r is  th an
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F ig . 25 . CO. s p e c t r a  o f c a l f  thymus h is to n e  H3 i n  v a rio u s  
m edia. The CD s p e c t r a  o f c a l f  thymus h is to n e
H3 monomer d is s o lv e d  i n  w a te r  ( -------  ) ,  0 .1  M
T r i s ,  pH 8 .0  (•— • — ) ,  0 .9  N HOAc (—a—) ,  and 
6 M u re a  ( — )  were d e te rm in ed .
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i n  w a te r  o r  i n  0 .9  N a c e t ic  a c id ,  and an  nno rdered  s t r u c tu r e  i n  6 M 

u re a  o r  guan id ine-H C l. The p resen ce  o f  secondary  s t r u c tu r e  seems to  

In c re a s e  th e  e f f ic ie n c y  f o r  th e  fo rm a tio n  o f  h ls to n e  H3 dim er and 

o lig o m ers . These r e s u l t s  cou ld  be e x p la in e d  by th e  fo llo w in g  re a s o n s .

(a )  When a  h is to n e  H3 m olecule i s  u n o rd ered , such a s  i n  6 M u re a  o r 

6 M guanidine-H C1, th e  C -te rm in a l r e g io n  i s  s u f f i c e n t ly  f l e x i b le  so  

t h a t  th e  two -SH groups a t  p o s i t io n  96 and 110 (DeLange e t  a l . ,  1973) 

c ou ld  form  -S -S - d i s u l f id e  bond more e a s i l y  th a n  th a t  from  th e  -SH 

groups of s e p a ra te  h is to n e  H3 m o lecu le s . K in e t ic a l ly  th e  form er i s  

much more fav o red  th a n  th e  l a t t e r ,  (b ) The fo rm a tio n  o f  some secondary  

s t r u c tu r e ,  more l ik e ly  to  be in  th e  more hydrophobic  C -te rm in a l re g io n , 

would s t i f f e n  t h i s  re g io n  th a t  th e  fo rm a tio n  o f a  c y c l ic  h ls to n e  H3 

w ith  in tra m o le c u la r  d i s u l f id e  bond i s  s t e r l c a l l y  h in d e re d , (c )  I n  a  

medium such  as 0 .1  M T r i s ,  which fa v o rs  th e  fo rm a tio n  o f secondary  

s t r u c tu r e ,  i t  may a ls o  fa v o r  hydrophobic c o n ta c t  betw een two o r  more 

h is to n e  H3 m o lecu le s , which would b r in g  th e  -SH groups from  d i f f e r e n t  

h is to n e  H3 m olecu les to g e th e r  to  f a c i l i t a t e  th e  fo rm a tio n  o f  in te rm o le c u la r  

d i s u l f id e  bond.



CHAPTER V

INTERACTION BETWEEN HISTONE H3 AND DNA

DNA i n  ch rom atin  has two phases o f  m e ltin g  a t  h ig h  tem p e ra tu re  due

t o  h ls to n e  b in d in g  (L i and Bonner, 1971; A nsevin e t  a l . , 1971). They
0 o . 4

a re  71 and 82 f o r  c a l f  thymus ch ro m atin  i n  2 .5x10 M EDTA,pH8.0. These

two m e ltin g  bands have been in te r p r e te d  as due to  th e  b in d in g  o f  th e  l e s s  

b a s ic  and th e  more b a s ic  re g io n s  o f h ls to n e s  t o  DNA (L i and Bonnei; 1971).

C ir c u la r  d lch ro lsm  (CD) spectrum  o f  DNA i n  ch rom atin  a ls o  d i f f e r s  from 

th a t  o f f r e e  DNA. As a  r e s u l t  o f  h is to n e  b in d in g  th e  p o s i t iv e  CD band o f 

DNA n e a r  275nm i s  reduced  and s l i g h t l y  r e d - s h i f t e d .  H ls to n es  a ls o  con­

t r i b u t e  a  b ig  n e g a tiv e  CD band n e a r  220 nm (Shih  and Fasman, 1970; Simpson 

and S ober, 1970; Fermogorov, 1970; Johnson e t  a l . .  1972; Chang and L i ,  

1974; W ilhelm  e t  a l . ,  1974).

Both th e rm a l d e n a tu ra t io n  and CD p r o p e r t ie s  o f  ch rom atin  a re  th e re fo re  

w e ll  c h a ra c te r iz e d  and can  be used  as c r i t e r i a  to  a s s e s s  th e  resem blance 

o f  a  r e c o n s t i tu te d  ch rom atin  o r  a  histone-DNA complex to  t h a t  o f  n a t iv e  

ch ro m a tin .

In  th o se  s tu d ie s  o f  histone-DNA I n te r a c t io n  (011ns, 1969; Fasman e t
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a l . ,  1970; W agner, 1970; Shlh  and Fasman, 1971; L i e t  a l . ,  1971;

A d le r e t  a l . ,  1974; L e ffa k  e t  a l . ,  1974 ), i t  i s  known t h a t  histone-DNA 

com plexes p rep a red  by d i f f e r e n t  m ethods show v e ry  d i f f e r e n t  p h y s ic a l  

p r o p e r t ie s .  I n  t h i s  c h a p te r  b o th  th erm al d e n a tu ra t lo n  and CD p r o p e r t ie s  

o f  h is to n e  H3-DNA complexes p rep a red  by th r e e  d i f f e r e n t  m ethods were 

s tu d ie d  and compared to  t h a t  o f  n a t iv e  ch ro m a tin . The f i r s t  method 

u t i l i z e d  a  co n tin u o u s  NaCl g ra d ie n t  d i a l y s i s  (2 M t o  abou t 0.1M) i n  

5 M u re a  fo llo w ed  by a  co n tin u o u s u re a  g ra d ie n t  d i a l y s i s  (5 M t o  0 M) and 

i s  r e f e r r e d  t o  a s  g ra d ie n t  d i a l y s i s  w ith  u re a . The second method i s  a  

co n tin u o u s NaCl g ra d ie n t  d i a l y s i s  (2M t o  0.1M) in  th e  absence o f  u re a  and 

i s  r e f e r r e d  t o  a s  g ra d ie n t  d i a ly s i s  w ith o u t u re a . The t h i r d  method i s  

th e  d i r e c t  m ixing o f  h is to n e  and DNA s o lu t io n s  in  EDTA b u f f e r  by slow  

a d d i t io n  o f  h is to n e  to  DNA and i s  r e f e r r e d  to  as  d i r e c t  m ix ing . C a lf  

thymus h is to n e  H3 monomer, d im er, and o ligom ers as  w e ll  a s  duck 

e ry th ro c y te  h is to n e  H3 monomer and d im er were u sed  i n  th e s e  s tu d ie s .

RESULTS

A. Complexes P rep ared  by G rad ien t D ia ly s is  w ith  Urea

F ig u re s  26a and 26b s h o w ,re sp e c tiv e ly , th e  th erm al d e n a tu ra t lo n  r e s u l t s

-4o f  h ls to n e  H3 monomer-DNA and h ls to n e  H3 dimer-DNA com plexes i n  2 .5x10  M 

EDTA. These complexes were p rep a re d  by th e  g ra d ie n t  d i a ly s i s  w ith  u re a  

m ethod. A lthough 2 o r  3 m e ltin g  bands may be rough ly  d is t in g u is h e d  f o r  

each  com plex, th e  peak p o s i t io n s  o f th e s e  bands s h i f t e d  g r e a t ly  from  one 

complex t o  a n o th e r  and i s  d i f f e r e n t  from  p re p a ra tio n  to  p r e p a ra t io n , A 

h ig h e r  m e ltin g  tem p e ra tu re  range  i s  found , how ever, f o r  a  complex w ith  a  

h ig h e r  v a lu e  o f  in p u t r a t i o  o f  amino a c id  o f h is to n e  to  n u c le o t id e  o f 

DNA ( r ) .  These r e s u l t s  a re  d i f f e r e n t  from  t h a t  o b ta in e d  from  complexes
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F ig .  26 . D e r iv a t iv e  m e ltin g  p r o f i l e s  o f  c a l f  thymus h is to n e  H3-DNA 
com plexes p rep a re d  by g r a d ie n t  d i a l y s i s  w ith  u r e a .
( a )  H is to n e  H3 monomer-DNA com plexes, r  v a lu e s  a re  0 ( ---- ) ,
1 .0  ( - — ) ,  3 .0  ( - • - ) ,  and 5 .0  (—a —) ,  (b )  H is to n e  H3 d iraer-
DNA com plexes, r  v a lu e s  a re  0 1 .0  (—------ ) ,  2 .0  (—•■■"*)»
3 .0  ( - * - ) .
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o f  DNA w ith  h ls to n e  Hi (Shih  and Bonner, 1970), H2B (L effak  e t  a l . ,  1974) 

o r  H5 (Hwan e t  a l . ,  1975) p rep a re d  by a  s im i la r  method o f  g ra d ie n t  d i a l y s i s  

i n  u r e a .  I n  th e s e  c a se s  d e f i n i t e  m e ltin g  bands co rre sp o n d in g  t o  h l s to n e -  

f r e e  and h lsto n e -b o u n d  re g io n s  can  be a s s ig n e d . S ince  no d e f i n i t e  m e ltin g  

bands can be a ss ig n e d  f o r  h is to n e  H3-DNA com plexes, th e  d e sc r ib e d  method 

(C hap ter I I )  o f  a n a ly z in g  m e ltin g  d a ta  i s  n o t a p p l ic a b le .  N e v e r th e le s s , 

F ig u re s  26a and 26b in d ic a te  t h a t  b o th  h ls to n e  H3 monomer-and dimer-DNA 

com plexes a r e  q u a l i t a t i v e l y  s im i la r  t o  each  o th e r  i n  t h e i r  m e ltin g  

p r o p e r t ie s .

CD r e s u l t s  o f  th e  two ty p e s  o f  complex a re  shown in  F ig u re  27 . There 

i s  a  p r o p o r t io n a l  d e c re a se  i n  th e  p o s i t iv e  CD band n e a r  275 nm as th e  r  

v a lu e  o f  th e  complex i s  in c re a s e d . S im i la r ly ,  a  g r e a t e r  re d  s h i f t  o f  th e  

peak  and th e  c ro s so v e r  p o in t  o f  th e  band o ccu r i n  a  complex w ith  h ig h e r  

Y* v a lu e . The re d u c tio n  o f  th e  am p litude  i s  s im i la r  t o  w h ile  th e  re d  s h i f t  

i s  much g r e a te r  th a n  t h a t  in  ch rom atin  (S h ih  and Fasman, 1970). A complex 

w ith  a  h ig h e r  r  v a lu e  a ls o  shows a  s l i g h t l y  more n e g a tiv e  CD below 235 nm 

w hich can  be a t t r i b u t e d  t o  bound h l s to n e .  However, th e  CD c o n tr ib u t io n  

n e a r  230 nm o f  h is to n e  H3 i n  th e s e  complexes i s  much s m a lle r  th a n  th e  

h is to n e  c o n tr ib u t io n  i n  th e  CD spectrum  o f  ch ro m a tin . A gain , bo th  h is to n e  

H3 monomer-DNA and dimer-DNA com plexes show s im i la r  CD s p e c t r a .

B. Complexes P rep ared  by G ra d ie n t D ia ly s is  w ith o u t Urea

The m e ltin g  p r o f i l e s  o f  DNA-hidtone H3 monomer and DNA-histone H3 

dim er complexes p rep a re d  by th e  method o f  g ra d ie n t  d i a l y s i s  w ith o u t u re a  

a re  shown i n  F ig u re s  28a and 28b r e s p e c t iv e ly .  I n  c o n t r a s t  to  th e  r e s u l t s  

o b ta in e d  from  complexes formed by g ra d ie n t  d i a l y s i s  w ith  u r e a ,  a  d e f i n i t e  

s e p a ra t io n  o f  m e ltin g  band o f  h i s to n e - f r e e  (45 -60°) and h ls to n e -b o u n d
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F ig . 2 7 . CD s p e c tr a  o f  c a l f  thymus h is to n e  H3-DNA com plexes p rep a re d  by g r a d ie n t  d i a l y s i s  w ith  
u r e a .  ( a )  H is to n e  H3 monomer-DNA com plexes. The r  v a lu e s  a r e  0 (— —)» 1 .0  (***)»
2 .0  ( — • —) ,  and 5 .0  ( — *—) .  (b )  H ls to n e  H3 dimer-DNA com plexes. The r  v a lu e s  a r e
0 (-------) ,  1 .0  <— ) ,  and 2 .0  ( —
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F ig ,  28 , D e r iv a t iv e  m e ltin g  p r o f i l e s  o f  c a l f  thymus h is to n e  H3-DNA 
com plexes p rep a re d  by g r a d ie n t  d i a l y s i s  w ith o u t u re a ,
( a )  H is to n e  H3 monomer-DNA com plexes. The r  v a lu e s  a re
0 (----- ) ,  1 .0  ( — ) ,  3 .0  and 5 .0  ( - * - ) .  (b )
H is to n e  H3 dimer-DNA com plexes. The r  v a lu e s  a re  1 .0  ( — ) ,
2 .0  ) ,  and 4 .0  (— A —) .
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re g io n s  (80-100°) i s  found . These r e s u l t s  In d ic a te  t h a t  f o r  h is to n e  H3 

th e  p resen ce  o f u re a  i n  th e  r e c o n s t i t u t i o n  medium may n o t be advan tageous.

CD r e s u l t s  f o r  th e  complexes o f  DNA-histone H3 monomer and DNA-histone 

H3 dim er a re  shown i n  F ig u re s  29a and 29b. There i s  a  re d u c t io n  in  am plitude 

and a  re d  s h i f t  o f  DNA. CD band n e a r  275 nm as more h ls to n e  i s  bound to  DNA. 

The m agnitude o f th e  re d u c t io n  and re d  s h i f t  i s  l e s s  th a n  t h a t  o f  complexes 

form ed by g ra d ie n t  d i a l y s i s  w ith  u re a  (F ig u re  2 7 ) . The am p litude  o f  th e  

n e g a tiv e  CD band n e a r  220 nm i s  app rox im ate ly  p ro p o r t io n a l  t o  r  u n t i l  i t  

re a c h e s  4 .0  o r  5 .0  a t  which p o in t  p o r t io n  o f  th e  complex may have p r e c ip i ­

t a t e d  o u t o f  th e  s o lu t io n .  Compared w ith  th e  CD r e s u l t s  in  F ig u re s  27a 

and 27b f o r  complexes formed by g ra d ie n t  d i a l y s i s  w ith  u re a , complexes 

form ed by g ra d ie n t  d i a l y s i s  w ith o u t u re a  have g r e a t e r  n e g a tiv e  CD n e a r  220nm. 

I t  im p lie s  t h a t  th e re  a re  more secondary  s t r u c tu r e s  i n  th e  bound h ls to n e s  

f o r  com plexes p rep a re d  by th e  l a t t e r  m ethod.

Based upon m e ltin g  and CD r e s u l t s  shown i n  F ig u re s  26, 27 , 28 and 29, 

th e  complexes o f DNA w ith  e i t h e r  h is to n e  H3 monomer o r  d im er, p rep a re d  by 

g r a d ie n t  d i a ly s i s  e i t h e r  w ith  o r  w ith o u t u rea , a re  ap p ro x im ate ly  i d e n t i c a l  

t o  each  o th e r .

C. Complexes P repared  by D ire c t  M ixing

M elting  r e s u l t s  o f  complexes betw een DNA and c a l f  thymus h ls to n e  H3 

monomer, d im er, o ligom ers and duck e ry th ro c y te  h is to n e  H3 d im er p rep ared  

by th e  method o f  d i r e c t  m ixing a re  shown in  F ig u re  30 . B ip h as ic  m e ltin g  

i s  e v id e n t i n  a l l  c a s e s ,  w ith  a  m e ltin g  band n e a r  50° (Tm) c o rre sp o n d in g  

t o  f r e e  base  p a i r s ,  and a n o th e r  band n e a r  90° (T^) c o rre sp o n d in g  t o  th e  

h isto n e -b o u n d  base  p a i r s .  The am plitude  o f  th e  m e ltin g  band a t  T^ 

in c re a s e s  w ith  In c re a s in g  r  v a lu e  i n  th e  com plex. There i s  a ls o  a
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F ig .  29 . CD s p e c t r a  o f  c a l f  thymus h is to n e  H3-DNA com plexes p rep a red  by g r a d ie n t  d i a l y s i s  
w ith o u t u r e a .  ( a )  H is to n e  H3 monomer-DNA com plexes. The r  v a lu e s  a r e  0 ( 1 ■ ) ,
1 .0  ( — - ) ,  3 .0  (— and 5 . 0  (—a — (b)  H is to n e  H3 dimer-DNA com plexes.
The r  v a lu e s  a r e  0 ( ----- )» .1 » 0  ( — ) ,  2 .0  (— * —) ,  and 4 .0  (—*A—) .
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Fig* 30* D e r iv a t iv e  m e ltin g  p r o f i l e s  o f  v a r io u s  h is to n e
H3-DNA com plexes p rep a re d  by d i r e c t  m ix ing  method*
( a )  C a lf  thymus h is to n e  H3 monomer-DNA com plexes.
( b )  C a lf  thymus h is to n e  H3 dimer-DNA com plexes.
( c )  C a lf  thymus h is to n e  H3 oligomers-DNA complexes*
(d )  Dutk h is to n e  H3 dimer-DNA complexes* The r
v a lu e s  a re  0 ( '• '• ) »  1*0 (-----) ,  3 .0  ( — ) ,  and 5 .0  ?
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concom itan t d e c re a se  i n  th e  am p litude  a t  th e  Tm band . Except f o r  m inor 

v a r i a t i o n s ,  th e  m e ltin g  cu rv es  o f  th e s e  com plexes u s in g  v a r io u s  h is to n e  

H3 a re  s im i la r  t o  one a n o th e r .

U nlike  m e ltin g  cu rv es  from  complexes formed by g ra d ie n t  d i a l y s i s  

w ith  o r  w ith o u t u re a ,  th e  d ire c t-m ix e d  complexes have w e ll  s e p a ra te d  and 

c o n s is te n t  m e ltin g  cu rv es  w hich can be ana lyzed  w ith  th e  method d e sc r ib e d  

i n  C hap ter I I .  Using Eq. (1 ) ,

r  ■ 8F ■ p

w here A .̂z and Ay a re  r e s p e c t iv e ly  th e  m e ltin g  a re a s  under band and 
m

th e  whole m e ltin g  c ru v e . A l i n e a r  p lo t  o£ r  v s  Ayz/Ay y ie ld s  0 ,  th e  s lo p e
m

o f  th e  s t r a i g h t  l i n e .  An example o f  such  l i n e a r  p lo t  i s  shown in  F ig u re  31 

f o r  th e  complex o f DNA and h is to n e  H3 monomer. A $ v a lu e  o f  6 .7  amino a c id  

r e s id u e s  p e r  n u c le o t id e  i s  o b ta in e d . The 8 v a lu e s  o f th e  DNA complexes 

u s in g  o th e r  h is to n e  H3 a re  g iv en  in  TABLE V II I  and a re  s im i la r  to  one a n o th e r . 

T here i s  no s ig n i f i c a n t  d i f f e r e n c e  betw een c a l f  thymus and duck e ry th ro c y te  

h is to n e  H3-DNA com plexes.

CD s p e c t r a  f o r  c a l f  thymus h is to n e  H3 monomer-DNA and dimer-DNA 

com plexes a re  shown, r e s p e c t iv e ly ,  i n  F ig u re s  32a and 32b. Both h ls to n e  

H3 monomer and dim er have s im i la r  e f f e c t s  on DNA CD spectrum . T here i s  

a  re d u c t io n  in  th e  am plitude  and a  v e ry  sm a ll r e d - s h i f t  o f  th e  CD band 

n e a r  275 nm. The m agnitude o f  th e s e  changes a re  d i r e c t l y  p ro p o r t io n a l  

t o  th e  r  v a lu e .  T here i s  a ls o  a  b ig  n e g a tiv e  CD n e a r  220 nm co rresp o n d in g  

t o  th e  bound h l s to n e s .  I n  t h i s  ca se  th e  h ls to n e  H3 dimer-DNA complexes 

have a  s l i g h t l y  b ig g e r  n e g a tiv e  CD a t  210 nm th a n  th e  monomer-DNA com plexes. 

The CD s p e c t r a  o f th e  d i r e c t l y  mixed complexes (F ig u re  32) a re  c lo s e r  to  

th e  CD spectrum  o f  n a t iv e  ch rom atin  th a n  th e  r e c o n s t i tu te d  complexes

V m

*T
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Fig*  31* L in e a r  p l o t  o f e q u a tio n  (1 )  f o r  c a l f  thymus h is to n e  H3 
monomer-DNA com plexes p rep a red  by d i r e c t  m ixing method* 
M eltin g  a r e a s  f o r  T and T '  were o b ta in e d  from 
d e r iv a t iv e  m e ltin g  p r o f i l e mo f  h is to n e  H3-DNA com plexes 
a s  shown in  F ig . 30 ( a ) .



TABLE VIII

The j3 V alues o f  V arious H ls to n e  H3-DNA Complexes 
P rep ared  by D ire c t  M ixing

DNA Complexes 3

C a lf  thymus h ls to n e  H3 6 .5

C a lf  thymus h ls to n e  (H3)2 5 .6

C a lf  thymus h ls to n e  (H3)n 5 .8

Duck h ls to n e  H3 6 .4

Duck h ls to n e  (H3>2 5 .9
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Fig* 32* CD s p e c tr a  o f  c a l f  thymus h is to n e  H3-DNA com plexes 
p rep a re d  by d i r e c t  mixing* ( a )  H is to n e  H3 monomer- 
DNA complexes* (b )  H is to n e  H3 dimer-DNA complexes*
The r  v a lu e s  a re  0 (  ) f 1 .0  ( -----) ,  3*0 ( —A —) ,
and 5 .0  (— • —)•
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u t i l i z i n g  s a l t  g ra d ie n t  d i a ly s i s  w ith  o r  w ith o u t u re a .

S ince  b o th  th e  m e ltin g  and CD r e s u l t s  o f  th e s e  d i r e c t l y  mixed complexes
11

a re  w e ll  d e f in e d , th e  CD s p e c t r a  f o r  bound h is to n e  (Aeb ) and f o r  DNA. base 

p a i r s  bound by h is to n e  (Acb ) can  be c a lc u la te d  u s in g  th e  fo llo w in g  two 

e q u a tio n s :

Aem " F A s J +  (1 -F ) A tf (8 )

Aem “  Ae° +  * A«b (10)

Eq. (8) i s  v a l id  o n ly  f o r  X g r e a t e r  th a n  250 nm s in c e  CD in  t h i s  re g io n

i s  c o n tr ib u te d  on ly  by DNA base  p a i r s  e i t h e r  f r e e  (ACf) o r  h is to n e -b o u n d  

(Aeb )* F i s  th e  f r a c t i o n  o f b ase  p a i r s  bound by h ls to n e s  i n  each  complex 

as  de te rm ined  from  th e  th erm al d e n a tu ra t lo n  r e s u l t s  (F igu re  3 1 ) . The CD 

s p e c t r a  o f  h lsto n e -b o u n d  b ase  p a i r s ,  Aeb t c a lc u la te d  from  Eq. (8 ) f o r  

c a l f  thymus h ls to n e  H3-monomer-DNA complexes a re  shown i n  F ig u re  33a..,

Ae° i s  o n ly  two th i r d s  as  la rg e  as  A®f» th e  CD o f f r e e  DNA, and i s  

s l i g h t l y  s h i f t e d  t o  th e  re d  as judged  from  th e  c ro s so v e r  p o in t .  There 

i s ,  how ever, no ap p a ren t s h i f t  i n  th e  peak p o s i t io n .

Below 250 nm, Eq. (10) i s  u sed  f o r  c a lc u la t in g  th e  CD o f  bound 

h is to n e  (Aeb ) by assum ing th a t  th e  DNA CD i n  t h i s  re g io n  i s  n o t s i g n i f i ­

c a n t ly  changed and i s  sm a ll when compared t o  th e  CD c o n tr ib u t io n  from
n

h is to n e .  The c a lc u la te d  CD spectrum  o f bound h ls to n e  H3 monomer (Aeb )

as  shown in  F ig u re  33b c o n ta in s  a  n e g a tiv e  peak  a t  220nm. The change

i n  CD am p litude  n e a r  220 nm f o r  t h i s  h ls to n e  from  a  f r e e  s t a t e ,  A®£

H(EDTA), t o  a  complexed s t a t e ,  Aeb » 1b sm a ll.
H DA«b and Aeb f o r  th e  v a r io u s  h ls to n e  H3-DNA complexes were c a lc u la te d  

as  d e s c r ib e d  f o r  DNA-histone H3 monomer com plex, and a re  shown i n  F ig u re

34 . The CD e f f e c t s  o f  th e  d i f f e r e n t  forms o f  h is to n e  H3 on DNA n e a r  

275 nm a re  s im i la r  to  th e  monomer complex ex cep t t h a t  th e  am p litude  v a r ie s
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F ig . 33 . C a lc u la te d  CD o f  h is to g e  H3-DNA com plexes p rep a re d  by d i r e c t  
m ix ing  m ethod, ( a )  o f  h ls to n e  H3-bound DNA base  p a i r s  
c a lc u la te d  from  e q u a tio n  ( 8) u s in g  com plexes w ith  r=  1.0  (* )»
3 .0  ( ■ ) ,  and 5 .0  (A ), A lso  in c lu d e d  i s n 6 e o f  f r e e  DNA. 
a 6 iS j.in  M" cm-  where M i s  m o le s / l i t e r  o f  n u c le o t id e .
(b)^&£ o f  f r e e  h is to n e  H3 in  w a te r  in  F.DTA b u f fe r
andj-DTT ( - — ) and th e  d i f f e r e n c e  o f  th e s e .tw o  s p e c tr a  ( • • • ) .

. o f  DNA-bound h is to n e  H3 c a lc u la te d  from  e q u a tio n  (1 J )  
u s in g  com plexes w ith  r  =  3 .0  ( • )  and 5 .0  ( a) ,  a t  i s  in  M cm 
where M i s  m o l e s / l i t e r  o f  amino a c id  r e s id u e s  o f  h l s to n e s .
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F ig .  3 4 . C a lc u la te d  CD o f  v a r io u s  h is to n e HH3-DNA com plexes p rep a re d  
by d i r e c t  m ix ing  m ethod. ( a ) A t .  o f  v a r io u s  DNAgbound 
h is to n e  H3 c a lc u la te d  from e q u a tio n  ( 1 0 ) .  (b )  , o f
v a r io u s  h is to n e  H3*bound DNA base  p a i r s  c a lc u la te d  from 
e q u a tio n  ( 8) .  The v a r io u s  h is to n e  used  fo r  com plexing 
a re  c a l f  thymus h is to n e  H3 monomer (* * •)*  c a l f  thymus
h is to n e  H3 dim er (----- ) ,  c a l f  thymus h is to n e  H3 o lig o m ers
( — ) f duck h is to n e  H3 monomer (—•—) ,  and duck h ls to n e  
H3 d im er (—a —).
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and fo llo w s  th e  o rd e r  o f  c a l f  thymus h is to n e  H3 o ligom ers >  c a l f  thymus 

h is to n e  H3 dim er >  c a l f  thymus h ls to n e  H3 monomer. The CD o f  bound
tl

h i s to n e ,  Aeg» o f  com plexes w ith  v a r io u s  form s o f h ls to n e  H3 i s  a ls o  

s im i la r  t o  one a n o th e r .

CD S p e c tra  o f  C a lf  Thymus H is to n e  H3 Monomer. Dim er. O ligom ers and Duck 
E ry th ro c y te  H is to n e  H3 Monomer and Dimer

The q u a l i t a t i v e  and q u a n t i ta t iv e  s i m i l a r i t y ,  a s  m easured by th erm al

d e n a tu ra t lo n  and CD, o f h is to n e  H3 monomer-^ dim er-,o ligom er-.D N A  complexes

p rep a re d  by d i r e c t  m ixing in  EDTA b u f f e r  su g g e s t t h a t  th e r e  a re  s im i la r

secondary  s t r u c tu r e s  i n  th e  com plexes w ith  v a r io u s  form s o f  h is to n e  H3.

I n  o rd e r  t o  examine t h e i r  secondary  s t r u c tu r e s  i n  f r e e  s t a t e  th e  CD

s p e c t r a  o f  c a l f  thymus h is to n e  H3 monomer, d im er, o lig o m ers , duck e ry th ro c y te
-4h is to n e  H3 monomer, d im er i n  w a te r  (F ig u re  35a) and i n  2 .5  x  10 M EDTA 

b u f f e r  (F ig u re  35b) were m easured . A l l  h ls to n e  spectrum  in  w a te r  h as  a 

m ajor n e g a tiv e  peak  n e a r  200 nm and a  sh o u ld e r  n e a r  220 nm, su g g e s tin g  

th e  p re se n c e  o f random c o i l  s t r u c tu r e .  A lthough th e  v a r io u s  h ls to n e  s p e c tr a  

i n  w a te r  a r e  q u a l i t a t i v e l y  s im i la r  t o  one a n o th e r , q u a n t i t a t iv e ly  th e y  a re  

s t i l l  d i f f e r e n t .  T h is  v a r i a t i o n  co u ld  in d ic a te  th e  p rese n c e  o f  d i f f e r e n t  

amounts o f secondary  s t r u c tu r e s  in  h ls to n e s  even i n  w a te r .  I f  one u t i l i z e d  

m agnitude o f  th e  n e g a tiv e  CD a t  215 nm o r  222 nm a s  an in d ic a to r  o f  th e  

c o n te n t o f  o rd ered  secondary  s t r u c tu r e s ,  c a l f  thymus h is to n e  H3 monomer w ith  

two c y s te in e  re s id u e s  shou ld  have more o rd e re d  s t r u c tu r e s  th a n  duck h is to n e  

H3 monomer w ith  one c y s te in e .  F o r b o th  c a l f  thymus and duck e ry th ro c y te  

h is to n e  H3 , th e  d im ers have more o rd ered  s t r u c tu r e s  th a n  th e  co rre sp o n d in g  

monomers. T h is  i s  re a so n a b le  s in c e  th e  d im eric  h is to n e  m olecu les w ith  

d i s u l f id e  bonds sh o u ld  be c lo s e r  enough to  form  in te rm o le c u la r  hydrogen 

bonds su ch  as th o se  o f |3 -sh e e t. The s m a lle r  am p litude  o f o ligom er i n  w a te r
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r e s id u e s  o f  h i s to n e s .
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th a n  d im er cou ld  be  a  r e s u l t  o f  s t e r l c  h in d ra n c e  I n  hydrogen bond form a­

t i o n  o r  due to  ch arg e  r e p u ls io n .

The CD s p e c t r a  o f  v a r io u s  h ls to n e s  In  EDIA. b u f f e r  have a  reduced  

am p litu d e  below 210 nm and an  In c re a se d  one around 220 nm, when compared 

t o  th e  s p e c t r a  In  w a te r .  These r e s u l t s  I n d ic a te  t h a t  each  h is to n e  has 

more o rd ered  s t r u c tu r e  in  EDTA b u f fe r  th a n  i n  w a te r .  The f a c i l i t a t i o n  

o f  o rd e re d  s t r u c tu r e  i n  EDTA b u f fe r  may be due to  charge  n e u t r a l i z a t i o n  

and s t a b i l i z a t i o n  o f  hydrogen bonds. There i s  a  pronounced d if f e re n c e  

i n  CD s p e c t r a  betw een h ls to n e  H3 monomer and dim er from  b o th  c a l f  thymus 

and duclc e ry th ro c y te  i n  EDTA b u f f e r .  The d i f f e r e n c e  i n  n e g a t iv i ty  i s  

m ost d i s t i n c t  around 220 nm.and i s  more se v e re  i n  c a l f  thymus th a n  in  

duck e ry th ro c y te .  A lthough c a l f  thymus h is to n e  H3 o ligom er in  w a te r  has 

a  s m a lle r  n e g a tiv e  CD n e a r  220 nm th a n  th e  d im er, t h i s  o rd e r  has been 

re v e rs e d  i n  EDTA b u f f e r .  These r e s u l t s  can be c o n s is te n t ly  e x p la in ed  as 

t h a t  th e  fo rm a tio n  o f  d i s u l f id e  bond f a c i l i t a t e s  th e  fo rm a tio n  o f  i n t e r -  

m o le c u la r  hydrogen bonding by h o ld in g  th e  two h is to n e  m olecu les c lo se , 

t o  each  o th e r .

DISCUSSION

Sodium c h lo r id e  g ra d ie n t  d i a l y s i s  w ith  u re a  (Bekhor e t  a l . , 1969; 

Huang and Huang, 1969) h as  been  used  f re q u e n tly  f o r  r e c o n s t i tu t in g  

ch ro m atin  o r  n u c le o h ls to n e s . C h a r a c te r i s t i c  m e ltin g  p r o p e r t ie s  o f 

ch ro m atin  have been  s u c c e s s fu l ly  rep roduced  by t h i s  method f o r  r e c o n s t i ­

tu te d  n u c le o h ls to n e s , u s in g  h ls to n e  (H2A +  H2B) and l e s s  s u c c e s s fu l ly  

u s in g  H2B a lone  (L effak  e t  a l . ,  1974). As shown in  t h i s  c h a p te r  rec o n ­

s t i t u t e d  complexes u s in g  h is to n e  H3 p o ssess  m e ltin g  and CD p r o p e r t ie s  

v e ry  d i f f e r e n t  from  th o se  o f  n a t iv e  ch ro m atin . F o r th e  h is to n e  H3-DNA
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com plexes?th e  method o f d i r e c t  m ixing i n  low io n ic  s t r e n g th  i s  b e t t e r  

th a n  NaCl g ra d ie n t  d i a ly s i s  w ith o u t u re a  which i s  s t i l l  b e t t e r  th a n  NaCl 

g ra d ie n t  d i a l y s i s  w ith  u r e a ,  when m e ltin g  and CD p r o p e r t ie s  o f  n a t iv e  

ch ro m atin  a re  used  as  c r i t e r i a  f o r  s u c c e s s fu l  complex fo rm a tio n . T h is  

o rd e r  i s  q u i te  s u r p r i s in g  because  i t  i s  g e n e ra l ly  assumed t h a t  NaCl 

g ra d ie n t  d i a l y s i s  w ith  u re a  i s  th e  b e s t  method f o r  r e c o n s t i t u t i o n .

The r a t i o n a l  f o r  u s in g  NaCl g ra d ie n t  d i a l y s i s  w ith  u re a  i s  t h a t  u re a  

i s  exp ec ted  to  reduce  h is to n e -h is to n e  i n te r a c t io n .  In  th e  c a se  o f  h ls to n e  

H4, u re a  was shown to  reduce  h is to n e  a g g re g a tio n  (L i and Ise n b e rg , 1972). 

The c u r r e n t  s u b u n it model o f histone-DNA. i n t e r a c t io n ,  how ever, r e q u ire d  

th e  fo rm a tio n  o f  h i s to n e -h is to n e  i n te r a c t io n  p r io r  to  b in d in g  w ith  DNA 

(Van Holde e t  a l . , 1974; L i ,  1975). S ince  i n te r a c t io n  among h ls to n e s  

cou ld  p o s s ib ly  be d e s tro y e d  o r  reducedby u re a ,  th e  b in d in g  o f h is to n e  H3 

t o  DNA may become undefined  and hence th e  i n s t a b i l i t y  o f  a  good h is to n e  

H3-DNA complex to  form  in  u re a .

The q u a n t i ta t iv e  s im i l a r i t y  in  m e ltin g  r e s u l t s  o f  DNA complexes 

p rep a re d  by d i r e c t  m ixing u s in g  h is to n e  H3 monomer, d im er, o ligom ers from  

c a l f  thymus and h is to n e  H3 monomer and d im er from  duck e ry th ro c y te s  (F ig u re  

30) su g g e s t t h a t  on ly  th e  more b a s ic  re g io n s  o f h is to n e  H3 d i r e c t l y  i n t e r ­

a c t  w ith  DNA p h o sp h a te s . The l e s s  b a s ic  reg io n s  i n  h is to n e  H3, where th e  

c o n te n t in  -SH group v a r ie s  and th e  fo rm a tio n  o f  d i s u l f id e  bond o c c u r r s ,  

e i t h e r  s ta y  o u ts id e  o f DNA o r  a re  on ly  lo o s e ly  bound to  th e  o p p o s ite  s id e  

o f  th e  same DNA segment a lre a d y  bound by th e  more b a s ic  r e g io n s .  T h is  

i n t e r p r e t a t i o n  i s  p la u s ib le  because  th e  T^ a t  88-90° i s  c lo s e r  to  th e  

h ig h e s t  m e ltin g  band (about 82°) in  ch rom atin  which has been  in te r p r e te d  

a s  due t o  th e  b in d in g  o f  th e  more b a s ic  re g io n s  o f  h ls to n e s  (L i and Bonner, 

1971; L i e t  a l . ,  1973). I n  a d d i t io n ,  th e  e f f ic ie n c y  o f  co v e rin g  DNA by
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h is to n e  H3 i n  th e  p re s e n t  complexes (f3 ■ 6 .7 )  i s  ro u g h ly  one h a l f  t h a t  o f 

ch ro m atin  [p  ■ 3 .0  to  3 .5  amino a c id  r e s id u e s  p e r  n u c le o t id e  i n  h l s to n e -  

bound re g io n s  o f  ch rom atin  (L i, 1973; L i e t  a l . ,  1973)3 where b o th  h a lv e s  

o f  h ls to n e s  a re  d i r e c t l y  a s s o c ia te d  w ith  a d ja c e n t  fragm en ts o f  DNA..



CHAPTER VI
INTERACTION BETWEEN HISTONE H4 AND DNA,

AND BETWEEN HISTONE <H3 +  H4) AND DNA

H lsto n e  a g g re g a tio n  i n  n e u t r a l  s a l t  s o lu t io n s  was a  problem  In  th e  

e a r ly  days o f h is to n e  i d e n t i f i c a t i o n  and f r a c t i o n a t io n .  However, i t  has 

become a  key ev idence  i n  th e  r e c e n t  chromosomal s u b u n it th e o ry  (Kornberg 

and Thomas, 1974; Van Holde e t  a l , ,  1974; O lin s  and O lin s , 1974) when 

i t  was r e a l iz e d  t h a t  h is to n e  in te r a c t io n s  a re  s p e c i f ic  (D’Anna and 

Ia e n b e rg , 1974b). As wes d isc u sse d  i n  C hap ter I ,  th e  m ajor in te r a c t in g  

h ls to n e s  a re  th e  two A rg -r ic h  h ls to n e s  (h ls to n e s  H3 and H4) w hich form 

d im e ric  o r  te t r a m e r ic  s u b u n its .  The two s l i g h t l y  L y s - r ic h  h ls to n e s  

(h ls to n e s  H2A and H2B) a ls o  form  d im eric  s u b u n it (K e lle y , 1973). I n te r *  

a c t io n  betw een h is to n e  H4 and H2^ have a ls o  been  re p o r te d  (D’Anna and 

Ia e n b e rg , 1974b).

E vidences f o r  th e  i n te r a c t io n  o f  h ls to n e s  have been o b ta in e d  m ostly  

by chem ical c r o s s - l in k in g  r e a c t io n  e i t h e r  d i r e c t l y  i n  ch rom atin  (M artinson  

and M cCarty, 1975; Hyde and W alker, 1975) o r  w ith  h is to n e  complexes ex ­

t r a c te d  from  ch rom atin  (Kornberg and Thomas, 1974). R e c e n tly , D’Anna and 

Ise n b e rg  (1974c) have found t h a t  h is to n e  H3 and H4 when mixed eq u im o la rly

85
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i n  10 mM sodium  phosphate  b u f f e r  a t  pH 7 .0  form ed a  complex w ith  m o lecu la r 

w eigh t co rre sp o n d in g  t o  a  te t r a m e r ic  s t r u c tu r e .

In  t h i s  c h a p te r ,  DNA. and h is to n e  (H3 +  H4) te tr a m e r  complexes were 

s tu d ie d  by th e rm al d e n a tu ra t lo n  and c i r c u l a r  d ich ro ism  m ethods. H is to n e  

H4-DNA com plexes and h ls to n e  (H3 +  H4)-DNA complexes p rep a re d  by th e  

methods o f  g ra d ie n t  d i a l y s i s  w ith  u re a ,  g ra d ie n t  d i a ly s i s  w ith o u t u re a  

and d i r e c t  m ixing w ere a ls o  s tu d ie d .

RESULTS

A. H ls to n e  H4-DNA and H isto n e  (H3 +  H4)-DNA Complexes P repared  by 
G ra d ie n t D ia ly s is  W ithout Urea and by D ire c t  M ixing

Therm al d e n a tu ra t lo n  p r o f i l e s  o f h is to n e  H4-DNA and h is to n e  (H3 +

H4)-DNA complexes p rep a re d  by g ra d ie n t  d i a l y s i s  w ith o u t u re a  a re  shown

i n  F ig u re  36. Therm al d e n a tu ra t lo n  p r o f i l e s  f o r  th e s e  complexes p rep a red

by th e  d i r e c t  m ixing method a re  shown in  F ig u re  37 . F o r  h is to n e  (H3 +

H4)-DNA com plexes, an  equ im olar o f h ls to n e  H3 monomer and h is to n e  H4

w ere mixed b e fo re  com plexing w ith  DNA. As was found f o r  h ls to n e  H3-DNA

com plexes (C hapter V ), d i r e c t  m ixing method y ie ld s  complexes w ith  sh a rp

and w e ll  m e ltin g  c u rv e s , a  m e ltin g  band a t  47° (Tq ) f o r  f r e e  DNA and

a n o th e r  one a t  86°  f o r  h lsto n e -b o u n d  DNA. The am p litude  o f th e  m e ltin g

band a t  T' in c re a s e s  w ith  h ig h e r  r  v a lu e  w h ile  th e  am plitude  o f  T band 
h i  n

d e c re a se s  co n c o m ita n tly . A lthough h is to n e  H4-DNA and h is to n e  (H3 +  H 4)- 

DNA com plexes p rep a re d  by g ra d ie n t  d i a l y s i s  w ith o u t u re a  a ls o  gave T^ 

a ta b o u t 90°, th e  am p litude  i s  n o t w e ll  p ro p o r t io n  to  th e  r  v a lu e  and 

f o r  h ls to n e  H4-DNA com plexes, th e  Tq m e ltin g  band was s h i f t e d  s l i g h t l y  

t o  h ig h e r  te m p e ra tu re . T h is  phenomenon i s  undoubted ly  due to  a g g re g a tio n  

o f  h ls to n e  H4 i n  NaCl w ith o u t u re a  s in c e  cop ious w h ite  p r e c i p i t a t e s  were 

found w ith  th e  h ls to n e  H4-DNA complex.
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B. H is to n e  H4-DNA and H istone  (H3 +  H4)-DNA Complexes P rep ared  by 
G rad ien t D ia ly s is  W ith Urea

H istone  H4-DNA and h is to n e  (H3 +  H4)-DNA complexes p rep a red  by 

g ra d ie n t  d i a l y s i s  w ith  u re a  have r a th e r  w e l l  d e fin e d  b lp h a s lc  m e ltin g  

cu rv es  (F ig u re  3 8 ) . T h is  r e s u l t  I s  d i f f e r e n t  from  th a t  o f  h is to n e  H3- 

DNA complex p rep a red  by th e  same method where no d e fin e d m e ltin g  bands 

w ere found (C hap ter V ). Both h is to n e  H4-DNA and h is to n e  (H3 +  H4)-DNA 

complexes have a t  abou t 90° and th e  am p litude  o f  t h i s  m e ltin g  band 

In c re a se s  w ith  in c re a s in g  r  v a lu e . B eside th e  m e ltin g  bands a t  and 

T ' th e r e  I s  an a d d i t io n a l  b road  m e ltin g  band around 55° f o r  b o th  com plexes.
XD

The am plitude  o f  t h i s  m e ltin g  band , however, le c re a s e s  w ith  in c re a s in g  

r  v a lu e . Both complexes have s tro n g  l i g h t  s c a t t e r in g  In  th e  f i n a l  

p r e p a r a t io n e s p e c ia l ly  f o r  th o se  w ith  h ig h e r  r  v a lu e s .  T h is  I n d ic a te s  

t h a t  a g g re g a tio n  cou ld  a ls o  occur i n  th e s e  com plexes.

C. P re p a ra tio n  o f  H is tone  (H3 + H4) T etram er

H isto n e  (H3 +  H4) te t r a m e r ic  complex was p rep a red  by th e  method o f  

D'Anna and Ise n b e rg  (1974c). E qulm olar o f  h is to n e  HA and h is to n e  H3 

monomer o r  In  c a se  o f  h is to n e  H3 d im er, a t  h a l f  th e  c o n c e n tra t io n , were 

mixed in  w a te r .  The io n ic  environm ent o f th e  medium was th e n  in c re a s e d  

to  10 mM sodium  p h o sp h a te , pH 7 .0  by th e  a d d it io n  o f  c o n c e n tra te d  phosphate 

b u f f e r  (100 mM). The h is to n e  s o lu t io n  was th e n  l e t  s ta n d  In  ic e  f o r  a t  

l e a s t  10 m in. b e fo re  u s in g  I t  f o r  com plexing w ith  DNA.

To form  DNA-histone te tra m e r  com plex, th e  h is to n e  te tr a m e r  s o lu t io n  

was 8low ly added to  DNA s o lu t io n  a ls o  In  10 mM phosphate  w ith  c o n s ta n t 

s t i r r i n g ,  p o r t io n s  o f th e  DNA- h is to n e  te tr a m e r  complexes were f i r s t  

d ia ly z e d  o v e rn ig h t a g a in s t  0 .1  M NaCl, 10 mM T r is - C l ,  pH 8 .0  a t  4 °  and
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-4su b seq u en tly  d la ly z e d  w ith  s e v e ra l  changes a g a in s t  2 .5  x  10 M EDTA, 

pH 8 .0 .  W ithout th e  in te rm e d ia te  s te p  o f  d i a l y s i s  a g a in s t  0.1M NaCl 

b u f f e r ,  p ro long  d i a ly s i s  a g a in s t  EDTA b u f f e r  (5 t o  6 d ays) i s  r e q u ire d  

t o  remove phosphate  co m p le te ly .

D. H is to n e  H 3-. H 4-. and (H3 +  H4) Tetramer-DNA Complexes P rep ared  by 
D ire c t  M ixing in  Phosphate B u ffe r

The phenomenon o f  h is to n e  H3 and H4 form ing a  complex w ith  a  d i s c r e te  

s iz e  in  s a l t  s o lu t io n  i s  in  c o n tr a s t  to  t h a t  o f h is to n e  H3 o r  H4 a lo n e  in  

th e  same s a l t  s o lu t io n .  In  l a t t e r  c a se  random a g g re g a tio n  o f  h is to n e  H3 

o r  H4 co u ld  o ccu r and u l t im a te ly  p r e c i p i t a t e  ou t o f th e  s o lu t io n  a t  h ig h  

s a l t .

I f  h is to n e  (H3 + H4) te t r a m e r ,  p rep a re d  in  10 mM phosphate  b u f f e r ,

i s  complexed w ith  DNA, a ls o  in  10 mM sodium  phosphate  b u f f e r ,  th erm al

d e n a tu ra t io n  o f th e s e  complexes show a  m e ltin g  band o f f r e e  DNA a t  72°

(Tm) ,  and a n o th e r  m e ltin g  band o f h is to n e -b o u n d  DNA a t  87° (T^) (F ig u re

3 9 a ) . W ith in c re a s in g  r  v a lu e  th e  a m p litu te  o f  band In c re a se s  w h ile

t h a t  o f T band d e c re a s e s . Thermal d e n a tu ra t io n  p r o p e r t ie s  o f th e s e  m

com plexes were a ls o  s tu d ie d  a f t e r  d i a ly s i s  in to  EDTA b u f fe r  (F ig u re  39b).

I t  was found t h a t ,  f o r  unknown rea so n  a  p ro long  d i a l y s i s  (5 t o  6 days)

a g a in s t  EDTA b u f f e r  w ith  s e v e ra l  changes o f th e  b u f f e r  was re q u ire d  to

low er down th e  T from  72° o f f r e e  DNA in  phosphate  b u f f e r  to  abou t 50° m
i n  EDTA b u f f e r .  F ig u re  39b shows t h a t ,  u n l ik e  th e  s h i f t  o f  Tffl, th e

m e ltin g  band a t  t '  i s  reduced  o n ly  by 2° (87°to  8 5 °) a f t e r  th e  complexes m
w ere d ia ly z e d  t o  EDTA b u f fe r  w ith  low er io n ic  s t r e n g th .  T h is  r e s u l t  

in d ic a te s  t h a t  th e  phosphate  l a t t i c e  i n  h is to n e -b o u n d  re g io n s  i s  h ig h ly  

n e u tr a l iz e d  by h is to n e  (H3 + H4) te tra m e r  th rough  io n ic  b in d in g  o f  th e  

b a s ic  amino a c id  r e s id u e s .  F u rth e rm o re , th e s e  complexes i n  EDTA b u f fe r
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F ig .  39 . D e r iv a t iv e  m e ltin g  p r o f i l e s  o f  h is to n e  (H3 +  H4) 
tetram er-DN A com plexes. (a )  H is to n e  (H3 +  H4) 
tetram er-DNA com plexes w ere p rep a re d  by d i r e c t  
m ix ing  in  10 mM sodium  phosphate  b u f f e r .  pH 7 .0 .
(b ) An a l iq u o t  o f  com plexes was d ia ly s a d  f o r  5 
days w ith  s e v e r a l  changes o f  2 .5  x  10 M EDTA. 
pH 8 .0  and m elted  i n  EDTA b u f f e r .  The r  v a lu e s  
o f  com plexes a re  0 .9  (— ) ,  1 .8  ( — ) ,  and 3 .6
(—A.—) *
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show a  b road  m e ltin g  band around 65°.

I f  th e  com plexes in  phosphate  b u f f e r  w ere f i r s t  d ia ly z e d  a g a in s t  

0 .1  M NaCl i n  0 .0 1  M T r is  b u f f e r  and su b seq u e n tly  d ia ly z e d  a g a in s t  EDTA 

b u f f e r ,  th e  m e ltin g  p r o f i l e s  shown i n  F ig u re  39b a re  r e a d i ly  reproduced  

a f t e r  one day o f  d i a l y s i s .  Using t h i s  m ethod, DNA complexes w ith  h is to n e  

H3, h is to n e  H4, h is to n e  (H3 + H4) te tra m e r  and h is to n e  (H3 dim er +  H4) 

te t r a m e r  were p re p a re d  and t h e i r  th erm al d e n a tu ra t io n  p r o p e r t ie s  were 

s tu d ie d  (F ig u re  4 0 ) . DNA com plexes w ith  h is to n e  H3 and h is to n e  H4 a lo n e  

show ty p ic a l  m e ltin g  p r o f i l e s  w ith  a  Tffl o f  50°, a  T^ o f  85° and a  sm a ll
o O

b road  m e ltin g  betw een 65 to  75 .

DNA-histone com plexes u s in g  (H3 +  H4) te tr a m e r  o r  (H3 dim er +  H4)

te tr a m e r  show some s ig n i f i c a n t  In c re a se  i n  th e  m e ltin g  n e a r  65° (F ig u res

40c and d ) . The am p litude  o f  t h i s  band in c re a s e s  w ith  r  v a lu e  u n t i l

r  “  3.0  a f t e r  t h a t ,  f u r t h e r  a d d it io n  o f  h is to n e  cau ses  a  d e c re a se  o f

t h i s  band w ith  a  concom itan t in c re a s e s  i n  th e  am p litude  a t  T' bandm

(8 5 ° ) . I t  i s  im p o rta n t t o  n o te  t h a t  com plexes o f  h is to n e  (H3 d im er +

H4) te tr a m e r  w ith  DNA have m e ltin g  p r o p e r t ie s  s im i la r  to  th o se  o f  h is to n e  

(H3 +  HA) tetram er-DNA com plexes. T h is  may in d ic a te  t h a t  h is to n e  H3 

dim er i s  cap ab le  o f  form ing  same te t r a m e r lc  s t r u c tu r e  w ith  h is to n e  H4 as 

i s  th e  c a se  f o r  h is to n e  H3 monomer.

In  c o n tr a s t  t o  th e  c loudy  su sp en sio n  found f o r  h is to n e  (H3 +  H4)- 

DNA com plexes p rep a re d  by g ra d ie n t  d i a l y s i s  w ith  o r  w ith o u t u re a , 

p re fo rm a tio n  o f  h is to n e  (H3 +  H4) te tra m e r  o r  h is to n e  (H3 dim er +  H4) 

te t r a m e r ,  fo llow ed  by com plexlng w ith  DNA r e s u l t s  in  a  c l e a r  s o lu t io n .

These r e s u l t s  su g g e s t t h a t  h is to n e  H3 and H4 (o r  H3 dim er and H4) form  

n a tu r a l  s u b u n its  and th e s e  su b u n its  can  form  good complexes w ith  DNA



Fig* 40* D e r iv a tiv e  m e ltin g  p r o f i l e s  o f  histone-DNA com plexes 
p rep ared  in  phosphate  b u ffe r*  H is to n e  H4-DNA ( a ) ,  
h is to n e  H3-DNA ( b ) ,  h is to n e  (H3 +  H4) tetramer-DNA (c )  
and h is to n e  (H3 dim er +  H4) tetramer-DNA complexes (d ) 
were p rep ared  by d i r e c t  m ixing in  10 mM phosphate 
b u f f e r ,  pH 7 .0 .  The com plexes were d ia ly z e d  o v e rn ig h t 
a t  4°C a g a in s t  0 .1  M NaCl, 0 .01  M T ris-H C ^, pH 8 .0  and 
th en  a g a in s t  s e v e ra l  changes o f  2 .5  x 10” M EDTA. The
r  v a lu e s  o f  th e  com plexes a re  0 ( • • • ) ,  1.0  ( ------ ) ,
2 .0  ( — ) ,  3 .0  ( - • - ) ,  and 5 .0  ( — A—) .  A ll  complexes 
were m elted  in  2 .5  x 10-  M EDTA.



d
h/

dT
2.0

H3 ♦ H4

1.0

2.0 3 .01.0
2.0

y

90 110705090 3030 50 70
T (° C )

Fig. 40
*©Ul



96
w ith o u t se v e re  n o n -s p e c if ic  a g g re g a tio n  which m ight have o ccu rred  when 

h is to n e  H3, H4, o r  H3 + H4 was used  in  NaCl w ith  o r  w ith o u t u re a .

E . A n a ly s is  o f  Thermal D e n a tu ra tio n  R e su lts

As d isc u sse d  in  C hap ter I I ,  f o r  w e ll  d e fin e d  m e ltin g  cu rv es  th e  P 

v a lu e s  (amino a c id  r e s id u e /n u c le o t id e ) in  h is to n e -b o u n d  re g io n s )  can  be

o b ta in e d  from  th e  s lo p e  o f  a  l in e a r  p lo t  o f  r  v s  A ^//A ^. F ig u re  41
in

i l l u s t r a t e s  th e  r e s u l t s  o f  h is to n e  (H3 +  H4)-DNA complexes p rep a re d  by 

d i r e c t  m ixing i n  EDIA b u f f e r .  A P v a lu e  o f  6 .0  was o b ta in e d . T his 

v a lu e  i s  com parable t o  t h a t  ({3 “  6 .7 )  o b ta in e d  f o r  h is to n e  H3 monomer- 

DNA complexes and h is to n e  H4-DNA complexes ({3 B 5 .2 )  p rep a re d  by a  s im i la r  

method.

As shown i n  F ig u re  4 0 , th o se  complexes u s in g  h is to n e  H3, h is to n e  H4,

h is to n e  (H3 + H4) te tr a m e r  and (H3 dim er +  H4) te tr a m e r  have two h is to n e

bound m e ltin g  b a n d s , :th e  m ajor one a t  90° and th e  m inor one a t  65°. In

th e s e  c a s e s ,  A^/ were c a lc u la te d  as th e  sum o f  m e ltin g  a re a  under th e  90° 
m

and 65° m e ltin g  bands. D ata  f o r  th e s e  ty p es  o f  complexes w ere a ls o  p lo t te d  

i n  F ig u re  41 and a  p v a lu e  o f  2 .8  was o b ta in e d  f o r  th e  two tetramer-DNA 

com plexes. T h is  v a lu e  i s  about h a l f  t h a t  o b ta in e d  f o r  h is to n e  H3 monomer- 

DNA and h is to n e  (H3 +  H4)-DNA complexes p rep a red  by th e ' d i r e c t  m ixing 

method and i s  about e q u a l to  t h a t  o b ta in e d  f o r  n a t iv e  ch ro m atin , where 

p i s  3 .0  -  3 .5  (L i, 1973). H istone  H3- and h is to n e  H4-DNA Complexes 

p rep a re d  by th e  same method y ie ld  a  B v a lu e  o f 4 .0 .

F . C ir c u la r  D ichroism  o f  Complexes P repared  by G rad ien t D ia ly s is  W ith 
and W ithout Urea and by D ire c t  M ixing

C irc u la r  d ich ro ism  s p e c t r a  o f  h is to n e  H4-DNA and h is to n e  (H3 +  H4)- 

DNA complexes p rep a red  by g ra d ie n t  d i a ly s i s  w ith  u re a ,  w ith o u t u re a ,  and
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Fig. 41. L in e a r  p lo t s  o f e q u a tio n  (1 ) f o r  histone-DNA com plexes 
p re p a re d  in  phosphate  b u f f e r .  M elting  a re a s  f o r  T 
and T ' w ere o b ta in e d  from  d e r iv a t iv e  m e ltin g  p r o f i l e s  
o f  histone-DNA com plexes d e s c r ib e d  i n  F ig .  4 0 . D ata  
f o r  h is to n e  H4-DNA (— o —) ,  h is to n e  H3-DNA (— x —) ,  
h i s to n e  (H3 + H4) tetram er-DNA (— A— ) ,  and h is to n e  
(H3 d im er +  H4) tetram er-DNA (— •  - )  com plexes w ere 
c a lc u la te d .  In c lu d e d  i s  a ls o  d a ta  from  m e ltin g  p r o f i l e s  
o f  h is to n e  (H3 + H4)-DNA com plexes p rep a re d  by d i r e c t  
m ix ing  i n  EDTA ( - D - ) .
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d i r e c t  m ixing a re  d e p ic te d  i n  F ig u re s  4 2 , 43 and 44 r e s p e c t iv e ly .

H isto n e  H4-DNA complexes p rep a red  by g ra d ie n t  d i a l y s i s  w ith  u re a  

show a  reduced  am plitude  f o r  th e  CD band n e a r  275 nm w ith  In c re a s in g  r  

v a lu e s  (F igu re  4 2 a ) . The peak a t  275 nm and th e  c ro s s -o v e r  p o in t  f o r  

th e  CD band a re  a ls o  s tro n g ly  r e d - s h i f t e d  w ith  h ig h e r  r  v a lu e s .  The 

same phenomonon i s  observed  f o r  h is to n e  H3-DNA complex p rep a red  by th e  

same method (C hap ter V ). The p resen ce  o f  b o th  h is to n e  H3 and H4 d u rin g  

complex fo rm atio n  by t h i s  method reduces t h e  CD e f f e c t  on r e d - s h i f t  o f 

b o th  th e  peak and th e  c ro s s -o v e r  p o in t  and on am plitude  (F ig u re  4 2 b ).

The n e g a tiv e  CD n e a r  220-230 nm i s  a t t r i b u t a b l e  t o  th e  bound h is to n e s .

The am plitude  o f  t h i s  peak i s  in c re a s e d  w ith  in c re a s in g  r  v a lu e s .  However, 

th e  am p litude  i s  much sm a lle r  th a n  th a t  o f  ch rom atin .

F ig u re  43 shows th e  CD s p e c t r a  o f histone-DNA. complexes p rep a re d  by 

g ra d ie n t  d i a ly s i s  w ith o u t u re a . H is to n e  H4-DNA complexes p rep a red  t h i s  

way show no r e d - s h i f t  o f e i t h e r  th e  peak o r  th e  c ro s s -o v e r  p o in t  i n  th e  

CD band n e a r  270 nm, a lth o u g h  th e  am plitude  o f t h i s  peak i s  s t i l l  d ep ressed  

w ith  h ig h e r  r  v a lu e s .  T h is  r e s u l t  i s  d i f f e r e n t  from  h is to n e  H4-DNA complex 

p rep a re d  by g ra d ie n t  d i a ly s i s  w ith  u re a .  The CD band n e a r  220 nm h as  a  

s m a lle r  am plitude  th a n  t h a t  o f a  complex p rep a red  by g ra d ie n t  d i a ly s i s  

w ith  u re a  (F igu re  4 2 ) . S im i la r ly ,  h is to n e  (H3 +  H4)-DNA complexes p rep ared  

by g ra d ie n t  d i a ly s i s  w ith o u t u re a  a ls o  have a  s m a lle r  r e d - s h i f t  o f t h e i r  

275 nm CD band and a  l a r g e r  am p litude  a t  220 nm th an  complexes p rep ared  

by g ra d ie n t  d i a ly s i s  w ith  u re a .

CD s p e c tr a  o f DNA-hlstone complexes p rep a red  by d i r e c t  m ixing a re  

shown in  F ig u re  44 . H istone  H4-DNA complex p rep a re d  by t h i s  method shows 

no r e d - s h i f t  i n  t h e i r  275 nm CD band. As i s  th e  ca se  i n  h is to n e  H3 monomer- 

DNA com plex, more secondary  s t r u c tu r e  o f  h is to n e s  i s  p re se rv ed  by d i r e c t
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F ig .  4 2 . CD s p e c tr a  o f  h is to n e  H4-DNA ( a )  and h is to n e  (H3 +  H4)-DNA com plexes (b )  
p re p a re d  by g ra d ie n t  d i a l y s i s  w ith  u r e a .  The r  v a lu e s  a re  0 (—■■—)»
1 .0  ( — ) ,  2 .0  (— - ) ,  and 3 .0  ( - A - ) .  H is to n e  (H3 +  H4)-DNA com plexes 
were p rep a re d  by m ixing equ im o la r o f  each  h is to n e  b e fo re  com plexing w ith  
DNA.
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F ig .  4 3 . CD s p e c tr a  o f  h is to n e  H4-DNA (a )  and h is to n e  (H3 +  H4)-DNA com plexes (b )
p rep a re d  by g r a d ie n t  d i a l y s i s  w ith o u t u r e a .  The r  v a lu e s  a re  0 (----- ) #
1 .0  ( --- ) ,  3 .0 --(------- ) ,  and 5 .0  ( - A - ) .
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Fig* 44 . CD s p e c tr a  o f  h is to n e  H4-DNA (a )  and h is to n e  (H3 +  H4)> 
DNA com plexes (b )  p rep a re d  by d i r e c t  m ix ing . The r  
v a lu e s  a re  0 ( ----  ) ,  1 .0  ( - - - ) ,  3 .0  ( - • —) ,  and 5 .0  (— <--)



m ixing method as shown by th e  la rg e  n e g a tiv e  CD n e a r  220nm. An even more 

n e g a tiv e  CD a t  220 nm I s  observed  f o r  h is to n e  (H3 +  H4)-DNA com plex. The 

in c re a s e  In  am plitude  a t  220 nm i s  p ro p o r t io n a l  t o  th e  In c re a se  i n  r  v a lu e . 

H is to n e  (H3 + H4)-DNA complexes show a  s l i g h t  r e d - s h i f t  f o r  t h e i r  275 nm 

CD band .

Comparing th e  th re e  m ethods o f complex fo rm a tio n , th e  g r e a te s t  r e d -  

s h i f t  and re d u c t io n  o f  th e  am p litubs  i n  DNA CD n e a r  275 nm i s  found f o r  

complexes p rep a red  by g ra d ie n t  d i a ly s i s  w ith  u re a  (F igu re  4 2 ) . The 

g r e a te s t  degree  o f h is to n e  secondary  s t r u c tu r e  as m easured by th e  n e g a tiv e  

CD a t  220 nm i s  found f o r  complexes p rep a re d  by th e  d i r e c t  m ixing method 

(F ig u re  4 4 ) . I n  a l l  th re e  m ethods, th e  p resen ce  o f b o th  h is to n e  H3 and 

h is to n e  H4 in  th e  DNA complex has g e n e ra te d  CD s p e c t r a  d i f f e r e n t  from 

th o se  o f  complexes when h is to n e  H3 o r  H4 i s  u sed .

G. C ir c u la r  D ichro ism  o f  H is to n e  (H3 +  H4) Tetramer-DNA Complexes

The CD s p e c t r a  o f  h is to n e  (H3 +  H4) tetramer-DNA complexes a re  shown 

in  F ig u re  45 . The CD s p e c t r a  o f th e s e  complexes a re  v e ry  s im i la r  to  th o se  

o f h is to n e  (H3 + H4)-DNA complexes p rep a red  by d i r e c t  m ixing in  EDTA b u f fe r  

(F ig u re  4 4 ) , d e s p i te  th e  g r e a t  d i f f e re n c e  found i n  t h e i r  th e rm a l d e n a tu ra ­

t i o n  r e s u l t s  (See F ig u re s  37 and 4 0 ) .

H. C a lc u la tio n  o f  CD P aram eters
HThe CD s p e c t r a  f o r  bound h is to n e  (Ae^) and f o r  DNA base  p a i r s  bound 

by h is to n e s  (Ae£) were c a lc u la te d  f o r  h is to n e  H4-DNA com plexes.p repared  

by th e  d i r e c t  m ixing method in  EDTA b u f f e r  (F ig u re  46) and f o r  h is to n e  

(H3 +  H4) tetramer-DNA and h is to n e  (H3 dim er +  H4) tetramer-DNA (F ig u re  4 7 ) . 

A ll  th re e  d i f f e r e n t  histone-DNA complexes have Ae° about 3 /4  as  la rg e  as
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4 5 . CD s p e c tra  o f  h is to n e  (H3 +  H4) tetramer-DNA com plexes. 
The com plexes were, p rep a red  by d i r e c t  m ixing in  10 mM 
phosphate  b u f f e r ,  pH 7 .0  th en  d ia ly z e d  o v e rn ig h t a t  4 C 
a g a in s t  0 .1  M NaCl, 0 .01  M T ris -H C l^ p H  8 .0  and th en  
a g a in s t  s e v e ra l  changes o f  2 .5  x  10 M EDTA. The r
^values a re  0 (  ) ,  1 .0  ( - —) ,  3 .0  (—» —) ,  and 5 .0
< - * - > .
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46 . C a lc u la te d  CD o f  h is to n e  H4-DNA gom plexes p rep a red  by 
d i r e c t  m ixing m ethod. ( a )  a & j, o f  h is to n e  H4-bound 
DNA base  p a i r s  g e re  c a lc u la te d  from e q u a tio n  ( ^ ) .  A lso  
in c lu d e d  i s  <*£ £ o f  f r e e  DNA. i s  lOjjM" cm” where 
M i s  m d le s / l i t e r  o f  n u c le o t id e ,  ( b j ^ g . ,  o f  f r e e
h is to n e  H4 in  H_0 ( ---- ) ,  in  EDTA b u f fe r  ( - - - )  were
d e te rm ined  and th e  d i f f e r e n c e  o f th e se  two s p e c tra  
( . . . . )  c a lc u la te d .  (—A —) o f  DNA-bound his£one^H4
w ere c a lc u la te d  from  e q u a tio n  ( 1 0 ) .  i s  in  M~ cm” 
where M i s  m o le s / l i t e r  o f  amino a c id  r e s id u e s  o f  h is to n e s
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F ig .  4 7 . C a lc u la te d  CD o f  h is to n e  (H3 +  H4) tetramer-DNA com plexes 
p reg a re d  by d i r e c t  m ixing in  phosphate  b u f f e r .  ( a )
a £ .  o f  h is to n e  (H3 +  H4) te tram er-b o u n d  DNA ( — )
and h is to n e  (H3 dim er +  H4) te tram er-b o u n d  DNA ( —- )  
base  p a i r s  werg c a lc u la te d  from e q u a tio n  ( 8) .  A l |o   ̂
in c lu d e d  i s / * ^  o f  f r e e  DNA ( '* • ) .  i s  in  cm" 
where M i s  m o le s / l i t e r  o f  n u c le o t id e .  ( b ) ^ £ ,  o f  
DNA-bound h is to n e  (H3 + H4) te tra m e r  ( — ) ana h is to n e  
(H3 tiim er +  H4) te tra m e r  were c a lc u la te d  from
e q u a tio n  ( 10) .  ^ £ i s  in  M~ cm” where M i s  m o le s / l i t e r
o f  amino a c id  r e s id u e s  o f  h i s to n e s .
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t h a t  o f  Ae£ o f  f r e e  DNA.. There I s  no re d  s h i f t  o f  th e  275 nm peak p o s i t io n  

and th e r e  i s  on ly  a  v e ry  s l i g h t  s h i f t  f o r  th e  c ro s so v e r  p o in t  (F ig u re s  46 

and 4 7 ) .
HThe c a lc u la te d  CD spectrum  o f  bound h is to n e  H4 (Aeb ) i s  shown in

F ig u re  4 6 . T here  i s  on ly  a  v e ry  sm a ll d i f f e r e n c e  i n  CD am plitude  n e a r
H H220 nm betw een th e  bound (Aeb ) and th e  f r e e  (Ae^) s t a t e  o f  h is to n e  H4

i n  EDTA b u f f e r .  The c a lc u la te d  CD s p e c t r a  o f  bound h is to n e  (H3 +  H4)

te tra m e r  and bound h is to n e  (H3 d im er + H4) te tr a m e r  a re  n e a r ly  i d e n t i c a l

to  each  o th e r .

I .  CD Spectrum  o f  H is to n e  (H3 +  H4) T etram er

The CD s p e c t r a  o f  h is to n e  (H3 +  H4) i n  w a te r , i n  EDTA and in  10 mM

phosphate  b u f f e r ,  where th e y  form  th e  te t r a m e r ic  s t r u c tu r e ,  w ere shown 

i n  F ig u re  4 8 . The spectrum  i n  w a te r  has a  m ajor n e g a tiv e  peak a t  200 nm

and a  sh o u ld e r  a t  220 nm. T his CD spectrum  i s  d e c reased  below 210 nm

and in c re a s e d  around 220 nm when th e  h is to n e s  a re  i n  EDTA b u f f e r .  The 

CD spectrum  o f  h is to n e  (H3 + H4) te tr a m e r  i n  10 mM phosphate  becomes more 

n e g a tiv e  a t  b o th  220 and 205 nm th a n  when th e  h is to n e  a re  i n  EDTA b u f fe r .
tl

T h is  d i f f e r e n c e  i s  c l e a r l y  d e p ic te d  in  th e  d i f f e r e n c e  spectrum  [ A g ^ P ^ ) "  

Ae£(H2P )] and [A c ^ E D T A ^ A C j^ O )] shown i n  F ig u re  4 8 , and in d ic a te s  t h a t  

an in c re a s e  i n  secondary  s t r u c tu r e ,  p o s s ib ly  a**helixes, in  h is to n e  (H3 +

H4) te tr a m e r  i n  10 mM phosphate b u f f e r .

DISCUSSION

H isto n e  H4-DNA complexes form ed by g ra d ie n t  d i a l y s i s  w ith  u re a  show 

w e ll-d e f in e d  b ip h a s ic  m eltin g  p r o f i l e s ,  w h ile  h is to n e  H3-DNA complexes 

formed by th e  same method show o n ly  b road  m e ltin g  cu rves  (C hap ter V ).
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Complexes o f  DNA. and h is to n e  (H3 +  H4) p rep a re d  by a s im i la r  method a ls o  

have b ip h a s ic  m e ltin g  c u rv e s . These r e s u l t s  in d ic a te  t h a t  h is to n e  H3 

a lo n e  may n o t form  a  w e ll-d e f in e d  complex i n  NaCl g ra d ie n t  w ith  u re a .

The p resen ce  o f h is to n e  H4 may f a c i l i t a t e  th e  fo rm a tio n  o f  su b u n it o f  

h is to n e  H3 and H4 b e fo re  th e y  b in d  th e  DNA.. CD r e s u l t s  seems t o  su p p o rt 

t h i s  i n t e r p r e t a t i o n .  I n  b o th  h is to n e  H4-DNA and h is to n e  H3-DNA com plexes, 

b o th  th e  peak o f  th e  275 nm CD band and th e  c ro sso v e r  p o in t  a re  g r e a t ly  

r e d - s h i f t e d .  The m agn ltu te  o f  th e s e  s h i f t s  a re  reduced  i n  h is to n e  

(H3 +  H4)-DNA com plexes which i s  s im i la r  t o  t h a t  found i n  ch rom atin  

(S h lh  and Fasman, 1970).

Both h is to n e  H3 and H4 have more secondary  s t r u c tu r e s  in  EDTA b u f fe r  

th a n  in  w a te r  a s  m easured by th e  a m p litu  e  o f th e  CD band n e a r  220 nm.

The d if f e re n c e  CD spectrum  shows a  n e g a tiv e  peak n e a r  215 nm., (E lgu res 

33 and 46) su g g e s tin g  an In c re a se d  amount o f th e  secondary  s t r u c tu r e s ,  

most I JLik6ly -(3 -s h e e t, i n  EDTA b u f f e r .  F o r h is to n e  (H3 +  H4) te tra m e r  in  

10 mM phosphate  b u f f e r ,  th e  d if f e re n c e  CD spectrum  shows a  m ajor n e g a tiv e  

peak a t  220 nm and am inor one a t  210 nm (F ig u re  48) which in d ic a te s  an 

in c re a s e d  amount o f  a - h e l i c a l  s t r u c tu r e s  o f  th e  te tr a m e r  i n  10 mM p h o sp h a te s .

When h is to n e  (H3 + H4) tetramer-DNA complexes w ere p rep a red  i n  

phosphate  b u f f e r  and su b seq u en tly  d ia ly z e d  to  EDTA b u f f e r ,  th e  th e rm al 

d e n a tu ra t io n  p r o f i l e s  a re  v e ry  much d i f f e r e n t  from  th o se  o f  h is to n e  (H3 + 

H4)-DNA com plexes d i r e c t l y  mixed i n  EDTA b u f fe r  a lth o u g h  th e  CD s p e c t r a  

o f  th e s e  two complexes a re  n e a r ly  i d e n t i c a l .  The m e ltin g  p r o f i l e s  of 

h is to n e  (H3 + H4) tetramer-DNA complexes have an e x t r a  m e ltin g  band a t  

around 6 5 ° . These m e ltin g  p r o f i l e s  resem ble th o se  o f  n a t iv e  ch ro m atin . 

A nother s im i l a r i t y  betw een th e  tetramer-DNA complexes and th e  n a tiv e  

ch rom atin  i s  i n  t h e i r  B v a lu e  w hich i s  2 .8  i n  th e  fo rm er and 3 .0  -  3 .5
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In  th e  l a t t e r .  Compared t o  a  (3 v a lu e  o f 5 .0  t o  6 .7  f o r  h is to n e  H3-DNA, 

H4-DNA and (H3 +  H4)-DNA com plexes p repared  by d i r e c t  m ixing in  EDTA 

b u f f e r ,  th e  tetramer-DNA complex i s  c lo s e r  t o  th e  n a t iv e  ch ro m atin .

DNA. complexes o f h is to n e  (H3 + U4) te tr a m e r  and h is to n e  (H3 dim er + 

H4) te tr a m e r  have n e a r ly  i d e n t i c a l  th erm al d e n a tu ra t io n  and CD p r o p e r t ie s .  

Complexes formed betw een DNA and h is to n e  (H3 +  H4) te tra m e r  o r  h.'.stone 

(H3 d im er +  H4) te tr a m e r  a ls o  p rev en t th e  p r e c ip i t a t i o n  o f  th e  complexes 

when h is to n e  H3 o r H4 was used  a lo n e . These r e s u l t s  su g g est th e  e x is te n c e  

o f  a  s u b u n it o f h is to n e  (H3 + H4) te tr a m e r , u s in g  a  h is to n e  H4 dim er and 

a  H3 d im er w ith  o r  w ith o u t d i s u l f id e  bond. The te tra m e r  th e n  in te r a c t s  

w ith  DNA in  a  manner s im i la r  t o  t h a t  in  ch rom atin . S ince a  p a r a l l e l  

d im er o f  h is to n e  H4 h as  been  shown to  e x is t  (L i e t  a l . , 1972) and a 

p a r a l l e l  dim er o f h is to n e  H3 i s  im p lic a te d  by th e  fo rm atio n  o f  d i s u l f id e  

bond in  th e  C -te rm ln a l r e g io n  o f t h i s  m o lecu le , i t  i s  p o s s ib le  t h a t  th e  

te tr a m e r  i s  formed by hydrophobic  c o n ta c t  o f  th e  H3 and H4 dim ers and 

th e n  i n t e r a c t s  w ith  th e  DNA. In  f a c t ,  th e se  r e s u l t s  a re  one o f th e  bases  

used  f o r  a  model o f ch rom atin  s t r u c tu r e  r e c e n t ly  proposed (L i,  1975).



CHAPTER V II

CONCLUDING DISCUSSION

R ecent re v is e d  prim ary sequence shows th a t  c a l f  thymus h is to n e  H3 

i s  h e te rogeneous w ith  r e s p e c t  to  i t s  Cys c o n te n t (P a tth y  and Sm ith,

1975). E ig h ty  p e rc e n t o f  th e  m olecu les c o n ta in  two Cys re s id u e s  and 

a n o th e r  207. c o n ta in  one Cys r e s id u e .  T h is  i s  in  agreem ent w ith  an e a r l i e r  

r e p o r t  (M arz lu ff  e t  a l . t 1972), which showed th a t  c a l f  thymus h is to n e  

H3 monomer i s o la te d  by t h e i r  p rocedure c o n ta in s  a m inor f r a c t io n  w ith  

an  unox id ized  Cys and a m ajor f r a c t io n  w ith  two Cys form ing an  i n t r a ­

m o lecu la r d i s u l f id e  bond. The two forms o f  h is to n e  H3 were se p e ra te d  by 

g e l f i l t r a t i o n  a f t e r  o x id iz in g  the h is to n e  H3 c o n ta in in g  a s in g le  Cys in  

guanldine-H C l in to  h is to n e  H3 dimer v ia  in te z m o le cu la r  d i s u l f id e  l in k a g e . 

M arz lu ff e t  a l . ,(1 9 7 2 ) , how ever, were unab le  to  f in d  o lig o m eric  h is to n e  

H3 which was re p o r te d  by Panylm e t  a l .  (1 9 7 1 ).

The o x id a tio n  r e s u l t s  in  C hapter IV (F ig u re s  2 0 ,2 2 } , and 22) can  be 

used  to  e x p la in  t h i s  d isc re p a n c y . O x ida tion  in  the  p resence  o f  a d e n a tu r-  

a t in g  a g e n t,  such a s  guanldine-H C l o r  u re a ,  r e s u l t s  in  the  c o n v e rtio n  o f  

on ly  a m inor f r a c t io n  o f  h is to n e  H3 in to  the  d im eric  form (F ig u re  2 0 ) .

110



I l l

T h is  can  be I n te r p r e te d  a s  th e  c o n v e r tio n  o f  th o se  h is to n e  H3 m o lecu les  

c o n ta in in g  two Cys r e s id u e s  in to  c y c l i c  monomer w ith  in tr a m o le c u la r  

d i s u l f i d e  bond and th e  c o n v e r t io n  o f  the  rem ain in g  h is to n e  H3 m o lecu les 

c o n ta in in g  one Cys r e s id u e  in to  th e  d im eric  fo rm . O x id a tio n  in  th e  

ab sen ce  o f  d e n a tu ra t in g  a g e n t ,  in  p a r t i c u l a r ,  in  s l i g h t l y  a lk a l in e  

c o n d it io n s  (0.1M T ris -H C l, pH 8 .0 ) ,  le a d s  to  th e  fo rm a tio n  o f  d im eric  

and o lig o m e ric  form s (F ig u re s  21 and 2 2 ) . T h is  i s  p ro b ab ly  due to  th e  

fo rm a tio n  o f  more secondary  s t r u c tu r e s  in  h is to n e  H3 in  0.1M T ris -H C l, 

pH 8 .0 ,  a s  shown by CD (F ig u re  25 , C h ap te r IV ) , w hich p r o h ib i t  the  

fo rm a tio n  o f  in tr a m o le c u la r  d i s u l f id e  bond, p o s s ib ly  th ro u g h  s t e r i c  

h in d ra n c e . .

H is to n e  H3 monomer-, d im e r- , and oligoraer-DNA com plexes p rep a re d  by

the method of direct mixing in EDTA buffer yield nearly, identical

th e rm a l d e n a tu ra t io n  c u rv e s  w ith  two w e l l-d e f in e d  m e ltin g  bands and a £

v a lu e  around 6 .5  amino a c id  p e r  n u c le o t id e .  These r e s u l t s  in d ic a te  t h a t ,

a lth o u g h  th e re  a re  v a r i a t i o n s  in  th e  o x id a t io n  s t a t e  a t  th e  Cys r e s id u e s

i n  th e  C -te rm in a l r e g io n ,  th e s e  v a r i a t i o n s  have no s u b s t a n t i a l  e f f e c t s

on t h e i r  b in d in g  p ro p e r ty  to  DNA. I n  o th e r  w ord , i t  i s  h ig h ly  p ro b ab le
*

t h a t  o n ly  th e  more b a s ic  re g io n s  o f  th e se  m o lecu les  b in d  to  DNA and t h a t  

th e  C -te rra in a l (h y d ro p h o b ic ) r e g io n  i s  n o t f irm ly  bound to  DNA and i s  

f r e e  to  i n t e r a c t  w ith  o th e r  h i s to n e s .

Two po lypep tide-bound  DNA m e ltin g  bands (TJ^ and T ^ )  were obsereved

S7 1 3when poly-A rg and poly(A rg ,0 rn  ) were used f o r  com plexes p rep ared  by 

th e  d i r e c t  m ixing m ethod. However, when p ro tam in e , a p r o te in  c o n ta in in g  

677. A rg, was used  fo r  complex fo rm atio n  w ith  DNA o n ly  one p ro te in -b o u n d  

DNA m eltin g  band was found. I t  i s  n o t  s u rp r is in g  th en  th a t  th e  com plexes 

o f  A rg -r ic h  h is to n e s  ( h is to n e  H3 c o n ta in s  13.3% Arg and H4 c o n ta in s  12.7%
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Arg r e s id u e s )  and DNA p rep ared  by d i r e c t  m ixing method showed o n ly  one

T* p ro te in -b o u n d  m e ltin g  band (T* a t  90°C) co rre sp o n d in g  to  the T '_  o f  m m ml

th e  poly-Arg-DNA complexes and th e  TV o f  protamine-DNA complexes*

87 13For po ly -A rg , poly(A rg ,0 m  ) - ,  and protamine-DNA complexes* th e re

a re  r e s p e c tiv e ly *  0*72, 1.05* and 1*38 amino a c id s  p e r  n u c le o tid e  in  th e

p e p tid e  bound r e g io n s .  These co rrespond  r e s p e c t iv e ly  to  0.72* 1.05* and

0 .92  b a s ic  r e s id u e s  (Arg) p e r  n u c le o tid e  in  the  bound re g io n s  and in d ic a te  

87 13th a t  fo r  poly(A rg ,0 m  ) -  and protamine-DNA com plexes, th e  p o s i t iv e

ch a rg e s  o f  the  p o ly p e p tid e s  n e a r ly  n e u tr a l iz e d  the  n e g a tiv e  ch a rg es  o f  th e  

DNA backbone. H is tone  H3 and H4-DNA complexes p repared  by the  d i r e c t  

m ixing method have a 8 v a lu e  in  th e  bound re g io n s  o f  6 .7  and 5 .2  r e s p e c ­

t i v e l y .  These co rrespond  to  1 .5  and 1 .3  b a s ic  r e s id u e s  p e r n u c le o tid e  in  

th e  bound re g io n s .  However* s in c e  b o th  h is to n e  H3 and H4 c o n ta in  n o t o n ly  

b a s ic  r e s id u e s  (Lys +  Arg) b u t a ls o  a c id ic  r e s id u e s  (Glu +  A sp), the  

ap p a re n t number o f  b a s ic  r e s id u e s  per m olecule can be c a lc u la te d  a s  th e  

number o f b a s ic  r e s id u e s  minus the  number o f  a c id ic  r e s id u e s .  The number 

o f  a p p a re n t b a s ic  re s id u e s  p e r n u c le o tid e  in  the  bound reg io n s  f o r  h is to n e  

H3-DNA complexes i s  0.99 and fo r  H4-DNA complexes* 0 .9 2 . These r e s u l t s  

in d ic a te  t h a t  th e  phosphate groups in  the  bound reg io n s  a re  n e a r ly  n e u tr a ­

l iz e d  by b a s ic  re s id u e s  in  h is to n e  and th a t  the  a c id ic  re s id u e s  w ith in  the

h is to n e  m olecu les a re  a ls o  n e u tr a l iz e d  by th e  b a s ic  r e s id u e s .
ci9The CD s p e c tra  ( 4 c ^  ) o f  DNA base p a ir s  bound by pro tam ine (F ig  17)

a t  th e  CD band n e a r  275 nm i s  v e ry  s im ila r  to  the  CD s p e c tra  o f  DNA base 

p a i r s  bound by h is to n e  H3 o r  H4 (F ig s .  33a and 4 6 a ). The am plitude  o f  th e  

CD band i s  abou t 2 /3  th a t  o f f re e  DNA. There i s  a ls o  a s l i g h t  red  s h i f t  

f o r  the  CD band n e a r  275 nm f o r  a l l  th e  th re e  com plexes. These r e s u l t s  a re



113

i n  c o n tr a s t  to  the  much more sev ere  re d  s h i f t  and am plitude  re d u c tio n

87 13found fo r  the  complexes p rep ared  w ith  poly-A rg o r po ly(A rg  ,Orn )

( F ig s .  15 and 1 6 ). The phenomenon of re d  s h i f t  and am plitude  re d u c tio n

fo r  th e  CD band n ea r 275 nm a re  in d ic a t iv e  o f  a  DNA con fo rm ation  betw een

B and C forms fo r  the  p ro te in -b o u n d  base  p a i r s .  S im ila r  CD r e s u l t s  have

been o b ta in e d  fo r  DNA in  h igh  NaCl c o n c e n tra t io n  (T un is  and H e a rs t , 1968;

T u n is-S ch n e id er and M aestre , 1970; L i e t  a l . ,  1971). The b in d in g  o f  NaCl

to  DNA r e s u l t i n g  in  th e  tra n s fo rm a tio n  o f  DNA from B to  C form in  h igh

s a l t  have been reg ard ed  as th e  e f f e c t  o f  bo th  charge  n e u t r a l i z a t i o n  and

d eh y d ra tio n  o f  the  whole DNA m olecule (T u n is-S ch n e id e r and M aestre , 1970).

B asic  p ro te in s  b in d in g  to  DNA should  a ls o  le a d s  to  b o th  n e u t r a l i z a t io n  o f

DNA ch arg es  and the  d e h y d ra tio n  o f th e  DNA m o lecu le . The d eh y d ra tio n  o f

DNA could be due to the exclusion of water ,oiecules from the vicinity of

th e  DNA by the  hydrophobic s id e  c h a in s  p re s e n t in  th e  b a s ic  p r o te in s .  The

m ethylene groups o f  Lys and Arg s id e  c h a in s  should  a ls o  exclude w a te r .

87 13Poly-A rg and poly(A rg ,0 rn  ) b in d in g  lea d  to  a CD s p e c tra  approx im ate ly  

eq u a ls  to  th e  e f f e c t  o f 6 M NaCl, w h ile  protam ine and h is to n e  H3 and H4 

b in d in g  lead  to  one th a t  i s  s im ila r  to  the  e f f e c t  o f  a lower c o n c e n tra tio n  

o f  NaCl.

The CD s p e c tra  o f th e  model system s d i f f e r  g r e a t ly  from those  of

h is to n e  H3 and H4-DNA complexes in  th e  re g io n s  o f 235 and 220 nm. The

87 13poly-Arg-DNA, poly(A rg ,Orn )-DNA, and protaime-DNA complexes showed no 

n e g a tiv e  CD band n e a r  220 o r  235 nm. In  c o n t r a s t ,  la rg e  n e g a tiv e  CD bands 

n e a r  220 and 235 nm a re  found fo r  th e  h is to n e  H3- o r  H4-DNA complexes 

p rep ared  by d i r e c t  m ixing method co rresp o n d in g  to  th e  secondary s t r u c tu r e s  

o f  th e  bound h is to n e s .  In  t h i s  r e s p e c t ,  th e  CD s p e c tra  o f  h is to n e  H3-DNA
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com plexes p rep ared  by th e  g ra d ie n t  d i a l y s i s  w ith  u rea  method i s  v e ry

87 13s im i la r  to  poly-Arg-DNA and poly(A rg ,Orn )-DNA com plexes in  t h a t  th e re

a re  la rg e  changes in  th e  CD band n e a r  275 nm and no s ig n i f ic a n t  n e g a tiv e

CD band n e a r  235 nm. T h is  would in d ic a te  t h a t  h is to n e  H3, in  complexes

p rep ared  by g ra d ie n t  d i a l y s i s  w ith  u r e a ,  co n ta in ed  s im i la r  secondary

87 13s t r u c tu r e s  in  th e  bound s t a t e  a s  w ith  poly-A rg and poly(A rg ,Orn ) .

There a re  two p o s s ib le  e x p la n a tio n s  fo r  t h i s  phenomenon o f low CD

s p e c tra  a t  220 and 235 nm. F i r s t l y ,  perphaps th e  b in d in g  o f  po ly -A rg ,

87 13poly(A rg ,0 rn  ) and protam ine to  DNA a s  w e ll a s  th e  b in d in g  o f  h is to n e

H3 and H4 to  DNA by th e  g ra d ie n t  d i a l y s i s  w ith  u rea  method lead  to  a b lu e  
*

s h i f t  o f  the  YI-+7T t r a n s i t i o n  o f th e  amide groups so t h a t  t h e i r  CD 

c o n tr ib u t io n  n e a r  220 and 235 nm become g r e a t ly  red u ced . A nother p o s s ib i ­

l i t y  fo r  the  re d u c tio n  o f CD sp e c tra  i s  t h a t  the  amide groups in  the  

peptide-DNA complexes have a con fo rm ation  which i s  none o f  the  th re e  

co n fo rm ations commonly found fo r  p r o te in s  in  s o lu t io n ,  i . e . ,  a  h e l i x ,  0 

s h e e t ,  and random c o i l .  T h is  type o f  confo rm ation  may be a r e s u l t s  o f  

t i g h t  b in d in g  betw een b a s ic  p o ly p e p tid e s  o r p ro te in s  w ith  DNA.

The m eltin g  cu rv es  o f  h is to n e  H3-DNA and h is to n e  H4-DNA com plexes 

p rep a red  by g ra d ie n t  d i a l y s i s  w ith  o r  w ith o u t u rea  a re  u s u a lly  n o t so 

w e ll d e fin ed  as  they  a re  fo r  d ire c tly -m ix e d  com plexes. CD sp e c tra  o f 

h is to n e  H3-DNA and H4-DNA complexes p rep ared  by th e se  m ethods show a 

s tro n g  r e d - s h i f t  in  the  DNA CD band n e a r  275 nm. However, an equ im olar 

m ix tu re  o f b o th  h is to n e  H3 and h is to n e  H4 y ie ld  com plexes th a t



have b e t t e r  d e fin e d  m e ltin g  curves*  The DNA CD band n ear 275 nm i s  a ls o  

l e s s  r e d - s h i f t e d  and has a sm a lle r  re d u c tio n  in  am plitude*  The p resence  

o f  b o th  h is to n e s  d u rin g  complex fo rm ation  a ls o  red u ces  the  tendency o f 

p r e c ip i t a t i o n  which has been observed  when in d iv id u a l  h is to n e  was used*

A ll  th e se  r e s u l t s  imply th a t  h is to n e  H 3-h istone  H4 in te r a c t io n  could  

p o s s ib ly  e x i s t  in  NaCl w ith  o r  w ith o u t u re a  and th a t  th e  h is to n e  H3- 

h is to n e  H4 s u b u n it cou ld  form a b e t t e r  complex w ith  DNA.

Thermal d e n a tu ra tio n  and CD s tu d ie s  o f  A rg -r ic h  histone-DNA complexes 

in d ic a te  t h a t  p re fo rm a tio n  o f  h is to n e  (H3 +  H4) te tra m e r  b e fo re ' complex- 

in g  y ie ld s  a complex th a t  i s  m ost s im i la r  to  therm al d e n a tu ra t io n  and CD 

p r o p e r t ie s  o f  n a tiv e  ch ro m a tin . N ative  ch rom atin  has two h isto n e-b o u n d  

DNA m eltin g  bands a t  71° and 8 2 ° . H is tone  (H3 +  H4) tetramer-DNA complex 

has m e ltin g  bands a t  65° and 90° fo r  th e  p ro te in -b o u n d  base  p a i r s .  T h e ir  

a re  3*0-3 .5  amino a c id  r e s id u e s  per n u c le o tid e  in  th e  h isto n e-b o u n d  

re g io n s  in  n a tiv e  chrom atin* A pproxim ately 2 .8  amino a c id  r e s id u e s  per 

n u c le o tid e  a re  found in  h is to n e  (H3 +  H4) te tra m e r  bound reg io n s*  The CD 

band n e a r  275 nm fo r  h is to n e  (H3 +  H4) tetramer-DNA com plexes i s  reduced 

in  am plitude  and s l i g h t ly  r e d - s h i f t e d  a s  i s  the  c a se  in  ch ro m atin . 

S im ila r ly ,  prom inent n e g a tiv e  CD bands n e a r  220 nm a re  found fo r  bo th  the 

ch rom atin  and h is to n e  (H3 +  H4) tetramer-DNA complexes* A lthough th ese  

r e s u l t s  do n o t c o n c lu s iv e ly  prove th a t  the  te tra m e r  o f  h is to n e  (H3 + H4) 

under p re se n t ex p e rim en ta l c o n d it io n  may be id e n t ic a l  to  w hat m ight 

e x i s t  in  n a tiv e  c h ro m a tin , th e  a b i l i t y  to  rep roduce  therm al d e n a tu ra tio n  

and CD p r o p e r t ie s  o f  ch rom atin  in  th ese  com plexes do su g g est th a t  (H3 +

H4) te tra m e r  cou ld  p robab ly  be a n a tiv e  su b u n it in  chrom atin*

Using h is to n e  H3 dim er and h is to n e  H4, the  complexes w ith  DNA show 

m e ltin g  and CD p r o p e r t ie s  v e ry  s im ila r  to  th o se  when h is to n e  H3 monomer



and h is to n e  H4 were u se d . These r e s u l t s  im ply t h a t ,  p e rh a p s , a p a r a l l e l  

h is to n e  H3 dim er w ith  o r  w ith o u t d i s u l f id e  bond i s  a fundam ental su b u n it 

in  th e  te t r a m e r .  Since a  p a r a l l e l  h is to n e  H4 dim er does e x i s t  in  s o lu t io n  

(L i e t  a l . ,  1972; L i ,  1973), i t  seems l ik e ly  t h a t  two p a r a l l e l  dim ers o f  

H3 and H4 form a b ig g e r  su b u n it o f  te tr a m e r , p o s s ib ly  through hydrophobic 

in te r a c t io n  in  th e  C -te rm in a l re g io n s  a s  r e c e n t ly  proposed in aa  model o f  

ch rom atin  s t r u c tu r e  ( L i ,  1975).
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